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The amino a c i d p r o l i n e i s known to accumulate i n the t i s s u e s 
of s e v e r a l p l a n t s p e c i e s as a r e s u l t of environmental s t r e s s . High 
c o n c e n t r a t i o n s of c e r t a i n t o x i c metals are one form of s t r e s s that 
can induce p r o l i n e accumulation, and i n some cases p r o l i n e 
accumulation i s considered to be an adaptive response to t o x i c 
metals by t o l e r a n t ecotypes. The p r o l i n e accumulation responses of 
Piantago l a n c e o J a t a (Ribwort p l a n t a i n ) were a s s e s s e d i n 
i n d i v i d u a l s taken from l e a d t o l e r a n t and non-tolerant populations 
when these p l a n t s were s t r e s s e d with a p p l i c a t i o n s of l e a d n i t r a t e 
s o l u t i o n s . R e s u l t s suggested t h a t there was no s i g n i f i c a n t 
d i f f e r e n c e between the p r o l i n e l e v e l s t h a t had accumulated i n the 
l e a v e s and roots of p l a n t s taken from both populations, although 
p r o l i n e l e v e l s i n c o n t r o l p l a n t s were s i g n i f i c a n t l y lower than i n 
l e a d s t r e s s e d p l a n t s . Fieldwork, i n v e s t i g a t i n g the p o s s i b i l i t y of 
a p r o l i n e g r a d i e n t along roadside verges as a response to the 
graduated d e p o s i t i o n of l e a d from motor v e h i c l e exhaust fumes, 
f a i l e d to r e v e a l any s i g n i f i c a n t c o r r e l a t i o n s . The e f f e c t s of 
water s t r e s s during a dry summer p e r i o d were thought to be more 
important a t the time the i n v e s t i g a t i o n was made. 
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INTRODUCTION 
D i s t i n c t i v e h i g h e r p l a n t communities have been 
d e s c r i b e d from m i n i n g and i n d u s t r i a l waste d e p o s i t s and 
n a t u r a l ore o u t c r o p s i n many areas and a number of 
c h a r a c t e r i s t i c f e a t u r e s have been r e p o r t e d . Ernst 
(1969) demonstrated by p o l l e n a n a l y s i s t h a t 
d i s t i n c t i v e , i n d i c a t o r p l a n t s have been p r e s e n t i n a 
copper impregnated bog l o c a t e d a t Dolfrwynog, North 
Wales s i n c e a t l e a s t t h e 12th c e n t u r y , w h i l e i n A f r i c a , 
H o r s c o f t (1961) n o t e d t h e presence of h e r b - r i c h 
communities on s o i l s o f t h e Rhodesian c o p p e r - b e l t i n an 
area o t h e r w i s e dominated by scrub and woodland. 
Communities on s o i l s c o n t a i n i n g t o x i c metals o f t e n 
possess f a r fewer species t h a n those communities 
p r e s e n t on nearby, uncontaminated s o i l s . Gorham and 
Gordon (1960) d e s c r i b e d t h e p a u c i t y o f species i n 
v e g e t a t i o n i m m e d i a t e l y down-wind o f a Canadian n i c k e l 
s m e l t e r . O f t e n contaminated s i t e s are dominated by a 
s m a l l number o f species t h a t are able t o t o l e r a t e t h e 
extreme edaphic c o n d i t i o n s o p e r a t i n g l o c a l l y 
(Woolhouse, 1983) . I t must be remembered t h a t the 
presence o f h i g h l e v e l s of t o x i c metals alone i s not 
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always t h e major l i m i t i n g f a c t o r t o p l a n t growth. 
A s s o c i a t e d f a c t o r s such as low pH, h y d r o l o g y and 
a v a i l a b i l i t y o f n u t r i e n t s , e s p e c i a l l y phosphate, may 
e x e r t an even g r e a t e r s e l e c t i o n p r e s s u r e t h a n does t h e 
t o x i c m e t a l , and t h e y may a c t t o exclude a g i v e n 
s p e c i e s from a s i t e even though t h a t species c o n t a i n s a 
p o p u l a t i o n o f i n d i v i d u a l s which possess t h e r e q u i s i t e 
genes f o r m e t a l t o l e r a n c e (Antonovics e t a l . , 1971). 
P o p u l a t i o n s o f c e r t a i n species growing on s o i l s 
c o n t a m i n a t e d w i t h t o x i c metals may be t o l e r a n t of them 
( i . e . t h e y are m e t a l t o l e r a n t e c o t y p e s ) , and w i l l 
c o n s e q u e n t l y grow b e t t e r on such s o i l s t h a n t r a n s p l a n t s 
from uncontaminated s o i l (Bradshaw, 1952) . F u r t h e r 
r e s e a r c h has i n d i c a t e d t h a t t o x i c metal t o l e r a n c e i s 
c h a r a c t e r i s t i c o f p o p u l a t i o n s r a t h e r than species, 
( A n t o n o v i c s e t a i . , 1971). 
T o x i c metals a f f e c t p l a n t growth i n a number of 
ways. Very low c o n c e n t r a t i o n s o f m e t a l i o n s , i n t h e 
o r d e r o f a few p a r t s per m i l l i o n (p.p.m.), cause 
i n h i b i t i o n o f r o o t growth, t h e r o o t systems o f 
a f f l i c t e d p l a n t s are c o r a l l o i d or stumpy i n appearance. 
Shoot and l e a f growth are depressed, t h e leaves 
11 
d e v e l o p i n g acute c h l o r o s i s and i n t e r v e i n a l n e c r o s i s . 
Each m e t a l causes a c h a r a c t e r i s t i c t y pe o f l e a f 
n e c r o s i s or d i s c o l o u r a t i o n , which i s s p e c i f i c t o t h e 
m e t a l concerned (Gemmell, 1977) . However, a g e n e r a l 
c h l o r o s i s o f t h e younger leaves occurs which i s common 
f o r a l l t o x i c m e t a l s . This i s t h o u g h t t o be due t o i r o n 
d e f i c i e n c y ( H e w i t t , 1948) . The p l a n t s are unable t o 
u t i l i z e t h e i r o n c o n t e n t o f t h e r o o t s and t h e end 
r e s u l t o f i r o n d e f i c i e n c y c h l o r o s i s , and t h e r e f o r e o f 
me t a l t o x i c i t y , i s a d r a s t i c d i s t u r b a n c e o f c e l l 
metabolism/ t h e m i n e r a l c o n t e n t o f t h e p l a n t s b e i n g 
a f f e c t e d i n v a r i o u s ways. 
The v a r i e t y and c o m p l e x i t y o f t h e observed 
r e l a t i o n s h i p s between t o l e r a n c e , t o x i c i t y and metal 
a c c u m u l a t i o n suggests t h a t t h e r e may be a number of 
p h y s i o l o g i c a l mechanisms r e s p o n s i b l e f o r t h e 
s p e c i f i c i t y o f t h e growth responses. One mechanism may 
be c e l l p e r m e a b i l i t y t o met a l i o n s . Woolhouse (1969) 
i n d i c a t e d t h a t copper and z i n c i o n s are t o x i c t o 
Agrostis i n d i f f e r e n t ways. Zinc i o n s do not damage the 
plasmalemma, whereas copper i o n s do, s u g g e s t i n g t h a t 
m o d i f i c a t i o n s t o t h e plasmalemma are i n v o l v e d i n copper 
t o l e r a n c e , b u t not i n z i n c t o l e r a n c e . Zinc ions may be 
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i n a c t i v a t e d by f o r m a t i o n o f complexes which are then 
c o m p a r t m e n t a l i z e d i n t h e c e l l , whereas some p a r t o f 
copper t o l e r a n c e may ope r a t e t h r o u g h an e x c l u s i o n 
mechanism a t t h e plasmalemma. I n t h e case o f r o o t 
c e l l s , t h e c e l l w a l l enzymes w i l l come under t h e 
i n f l u e n c e o f any met a l i o n s p r e s e n t i n t h e s o i l . Metal 
t o l e r a n t ecotypes o f Agrostis have been found t o have 
e v o l v e d a c e l l w a l l enzyme system which i s b e t t e r able 
t o f u n c t i o n i n t h e presence o f copper i o n s than non-
t o l e r a n t forms (Woolhouse, 1969). 
A l t h o u g h some p l a n t s may be able t o t o l e r a t e h i g h 
c o n c e n t r a t i o n s o f more th a n one m e t a l , (Turner, 1969), 
r e s i s t a n c e t o one t o x i c m e t a l does not n e c e s s a r i l y mean 
t h a t t h e i n d i v i d u a l i s t o l e r a n t o f o t h e r metal i o n s . 
Plantago lanceolata and Anthoxanthum odoratum appear t o 
be e x c l u d e d from copper contaminated s o i l s , p r o b a b l y 
due t o a l a c k o f genes f o r copper t o l e r a n c e i n t h e i r 
r e s p e c t i v e gene p o o l s . I n c o n t r a s t , b o t h Plantago 
lanceolata and Anthoxanthum odoratum are found growing 
on l e a d / z i n c s o i l s , presumably because t h e y have 
e v o l v e d l e a d / z i n c t o l e r a n t ecotypes ( G a r t s i d e and 
M c N e i l l y , 1974) . 
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Few species have been shown t o have evolved 
t o l e r a n c e t o h i g h c o n c e n t r a t i o n s o f t o x i c m e t a l s . The 
r e s t r i c t e d p r o p e n s i t y t o ev o l v e t o l e r a n c e i s emphasised 
by c o n s i d e r a t i o n o f copper t o l e r a n c e i n t h e B r i t i s h 
f l o r a . Only e i g h t species are found w i t h any r e g u l a r i t y 
on copper co n t a m i n a t e d s o i l s , these are t h e grasses 
Festuca ovina, F.rubra, Agrostis tenuis, A.stolonifera, 
Deschampsia ceaspitosa, and t h e d i c o t y l e d o n s Silene 
maritima. Armaria maritima and Calluna vulgaris. One 
p o s s i b l e e x p l a n a t i o n f o r t h e l a c k o f metal t o l e r a n t 
s p e c i e s i n B r i t a i n i s t h a t many o f t h e s i t e s h i g h i n 
c o n c e n t r a t i o n s o f t o x i c metals are o f r e l a t i v e l y r e c e n t 
o r i g i n , t h u s i n s u f f i c i e n t e v o l u t i o n a r y t i m e has been 
a v a i l a b l e f o r t o l e r a n t ecotypes t o a r i s e ( G a r t s i d e and 
M c N e i l l y , 1974) . 
B a n n i s t e r (1976) suggested t h a t t o l e r a n c e t o t o x i c 
m e t a l s was a r e s u l t o f t h e a c t i o n o f s e v e r a l dominant 
genes, w i t h o n l y two p e r c e n t o f i n d i v i d u a l s i n normal 
p o p u l a t i o n s b e i n g t o l e r a n t . The e v o l u t i o n o f s t r e s s 
t o l e r a n c e (Eg t o t o x i c metals) i s t h o u g h t t o reduce t h e 
c o m p e t i t i v e a b i l i t i e s o f t o l e r a n t i n d i v i d u a l s (Grime, 
1979; Bradshaw and M c N e i l l y , 1981) . I n s i t u a t i o n s o f 
low s t r e s s , where a premium i s p l a c e d on c o m p e t i t i v e 
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a b i l i t y , t h e n o n - t o l e r a n t i n d i v i d u a l s would be expected 
t o o u t compete t o l e r a n t i n d i v i d u a l s f o r resources by 
v i r t u e o f t h e i r s u p e r i o r c o m p e t i t i v e a b i l i t i e s . Only i n 
c o n d i t i o n s where s t r e s s t o l e r a n c e i s fa v o u r e d (Eg i n 
m e t a l c o n t a m i n a t e d s i t e s ) w i l l t o l e r a n t i n d i v i d u a l s 
have an advantage over n o n - t o l e r a n t i n d i v i d u a l s . The 
s m a l l number o f t o l e r a n t i n d i v i d u a l s i n p l a n t 
p o p u l a t i o n s i s a r e f l e c t i o n o f t h e i n f r e q u e n c y w i t h 
which s t r e s s i n d u c i n g , t o x i c metal s i t e s are 
encountered. 
Where p l a n t s are e x p e r i e n c i n g e n v i r o n m e n t a l s t r e s s 
t h e m e t a b o l i c processes o f t h e p l a n t are l i k e l y t o be 
a f f e c t e d as a consequence o f enzyme d e n a t u r a t i o n . 
Changes i n amino a c i d metabolism and subsequent e f f e c t s 
on p r o t e i n s y n t h e s i s have been r e p o r t e d ( H a r n e t t and 
N a y l o r , 1959). The s t r e s s m e t a b o l i t e , p r o l i n e (a 
h e t e r o c y c l i c amino a c i d ) has been shown t o accumulate 
i n t h e t i s s u e s o f a number o f p l a n t species (Ferago and 
P i t t 1979; L e v i t t , 1980; Stewart and Larher, 1980; 
H a r d i e , 1989). The a c c u m u l a t i o n o f p r o l i n e i s regarded 
as a s i g n o f p l a n t s t r e s s and t h e m o n i t o r i n g o f changes 
i n t h e l e v e l s o f p r o l i n e i n p l a n t t i s s u e s i s an 
i m p o r t a n t p a r t o f p l a n t s t r e s s s t u d i e s . P r o l i n e has 
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been shown t o accumulate when p l a n t s are p l a c e d under 
d r o u g h t s t r e s s (Stewart, 1978; L e v i t t , 1980), s t r e s s 
from h i g h s a l i n i t y , (Stewart and Larher, 1980) and from 
s t r e s s induced by exposure t o h i g h l e v e l s o f t o x i c 
m e t a l s (Ferago and P i t t , 1977; Hard i e , 1989). 
P r o l i n e a c c u m u l a t i o n occurs b o t h as a r e s u l t o f a 
d e c l i n e i n p r o t e i n s y n t h e s i s , and as a consequence of 
p r o t e o l y s i s when p l a n t s are s t r e s s e d . I t i s a l s o 
b e l i e v e d t o accumulate i n t h e t i s s u e s o f s t r e s s 
t o l e r a n t p l a n t s i n o r d e r t o h e l p t h e p l a n t m i t i g a t e t h e 
e f f e c t s o f s t r e s s . Stewart and Lee (1974) suggested 
t h a t p r o l i n e a c c u m u l a t i o n i n Armeria maritima i s 
c o r r e l a t e d w i t h s a l t t o l e r a n c e , p r o l i n e f u n c t i o n i n g as 
a source o f s o l u t e f o r i n t r a c e l l u l a r osmotic adjustment 
under s a l i n e c o n d i t i o n s . P r o l i n e i s t h e most s t a b l e o f 
t h e amino a c i d s , i t i s not r e a d i l y o x i d i s e d by a c i d 
h y d r o l y s i s t o form t o x i n s and i t a l s o causes l i t t l e 
i n h i b i t i o n o f c e l l growth i n comparison t o o t h e r p l a n t 
amino a c i d s . I t i s b e l i e v e d t o s t o r e ammonium as i t i s 
r e l e a s e d from t h e breakdown o f p r o t e i n s and i t may a l s o 
s t o r e o t h e r m a t e r i a l t o be u t i l i z e d by t h e p l a n t as i t 
i s r e c o v e r i n g from s t r e s s ( L e v i t t , 1980) . 
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I t has been suggested t h a t p r o l i n e accumulates i n 
t h e r o o t t i s s u e o f c o p p e r - t o l e r a n t i n d i v i d u a l s of 
Armeria maritima where i t i s proposed t h a t i t occurs as 
a f a c e t o f copper t o l e r a n c e , and not as a response t o 
copper s t r e s s (Ferago and M u l l e n , 1979; Ferago e t al., 
1980; Ferago and Mahmoud, 1984). P r o l i n e i s b e l i e v e d t o 
a c t as a t r a n s p o r t agent t a k i n g copper t o s t o r a g e s i t e s 
l o c a t e d i n t h e c a r b o h y d r a t e o f c e l l w a l l s (Ferago et 
al., 1980). Copper t o l e r a n t Armeria i n d i v i d u a l s 
u t i l i z i n g p r o l i n e i n t h i s way may j u s t one example of a 
more widespread phenomenon. Other species t o l e r a n t of 
o t h e r t o x i c m e tals may produce p r o l i n e i n t h i s way i n 
o r d e r t o m i t i g a t e t h e e f f e c t s o f s t r e s s . 
Lead e n t e r s t h e p l a n t r o o t system p a s s i v e l y d u r i n g 
m i n e r a l u ptake. No a c t i v e uptake appears t o be 
i n v o l v e d , p r o b a b l y due t o t h e f a c t t h a t l e a d i s not 
known t o be e s s e n t i a l f o r p l a n t growth, (Peterson, 
1978) . Lead accumulates l a r g e l y i n t h e r o o t system, 
where r o o t e l o n g a t i o n i s i n h i b i t e d ; r o o t s are caused t o 
form a d v e n t i t i o u s l y on t h e stems, stem e l o n g a t i o n and 
l e a f expansion are i n h i b i t e d (Lane and M a r t i n , 1980) . 
Lead t o l e r a n t s pecies are able t o produce l e a d s a l t s i n 
t h e i r xylem v e s s e l s , t h u s b i n d i n g and i n a c t i v a t i n g t he 
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l e a d . Lead d e p o s i t s are c o n c e n t r a t e d i n t h e c e l l w a l l 
i n t h e form o f a lead-phosphate complex. This renders 
t h e absorbed l e a d i n a c t i v e , t h u s a c c o u n t i n g f o r t h e 
presence o f h i g h c o n c e n t r a t i o n s o f l e a d w i t h i n p l a n t s 
w i t h o u t n o t i c e a b l e e f f e c t on p l a n t growth processes 
(Zimdahl and Koeppe, 1977) . 
D e s p i t e t h e a b i l i t y o f t o l e r a n t i n d i v i d u a l s t o 
l o c a l i z e l e a d , f o l i a g e l e v e l s may s t i l l be as g r e a t as 
t e n p e r c e n t t h a t o f t h e r o o t l e v e l . C h l o r o s i s may then 
r e s u l t as c e r t a i n l e a d s e n s i t i v e enzymes i n v o l v e d i n 
t h e b i o s y n t h e s i s o f c h l o r o p h y l l are a d v e r s e l y a f f e c t e d 
(Hampp e t al., 1974). Lead i s a l s o found t o depress t h e 
r a t e o f p h o t o s y n t h e s i s (Bazzaz e t al., 1974) and 
m i t c h o n d r i a l e l e c t r o n t r a n s p o r t ( B i t t e l e t al., 1974). 
The r e d u c t i o n i n p h o t o s y n t h e s i s , r e s p i r a t i o n and the 
i n t e r f e r e n c e w i t h e l e c t r o n t r a n s p o r t r e s u l t s i n 
decreased s y n t h e s i s o f p r o t e i n s and t h e r e f o r e a 
c e s s a t i o n i n p r o l i n e o x i d a t i o n . However, a l t h o u g h t h i s 
mechanism p a r t l y e x p l a i n s t h e a c c u m u l a t i o n of p r o l i n e 
i n s t r e s s e d p l a n t s , Stewart (1978) suggested t h a t 
p r o l i n e a l s o accumulates as a r e s u l t o f ' de novo' 
s y n t h e s i s from g l u t a m a t e . This 'de novo' p r o l i n e may be 
used t o t r a n s p o r t l e a d t o t h e b i n d i n g s i t e s i n the 
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xylem v e s s e l s where t h e meta l can the n be complexed 
i n t o lead-phosphate s a l t s . O v e r a l l t h e r e f o r e , l e a d 
s t r e s s i s expected t o r e s u l t i n an i n c r e a s e i n p r o l i n e 
l e v e l s i n p l a n t t i s s u e s , an i n c r e a s e t h a t may be used 
as an ind e x o f l e a d p o l l u t i o n i n t h e environment. 
Lead has l o n g been r e c o g n i z e d as a major p o l l u t a n t 
i n t h e environment. I t i s a common element, b e i n g found 
as a t r a c e component o f r o c k s , s o i l s and i n t h e t i s s u e s 
o f organisms. Higher c o n c e n t r a t i o n s o f l e a d are 
a s s o c i a t e d w i t h mine workings and s p o i l t i p s ; l e a d has 
been mined s i n c e p r e h i s t o r i c t i m e s , and t h e p r o c e s s i n g 
o f l e a d has caused p o l l u t i o n problems i n areas c l o s e t o 
s m e l t i n g o p e r a t i o n s . More r e c e n t l y t h e combustion o f 
l e a d a l k a l i a d d i t i v e s i n p e t r o l has become a major 
source o f l e a d i n p u t i n t o t h e environment ( C o r r i n and 
Natusch, 1977) . Chow (1970) demonstrated how l e a d found 
i n t h e t i s s u e s o f grasses growing near t o a road c o u l d 
be a t t r i b u t e d t o d e p o s i t i o n from v e h i c l e exhausts and a 
number o f s t u d i e s (Cannon and Bowles, 1960; L i t t l e and 
W i f f e n , 1977; Musket, 1981) have shown t h a t roadside 
ecosystems can become contaminated by l e a d as a r e s u l t 
o f motor v e h i c l e e m i s s i o n s . 
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Aims 
The p r i n c i p l e aim o f t h i s i n v e s t i g a t i o n i s t o see 
how l e a d p o l l u t i o n a f f e c t s t h e accum u l a t i o n o f p r o l i n e 
i n b o t h l e a d t o l e r a n t ecotypes and n o n - t o l e r a n t 
ecotypes o f a g i v e n p l a n t s p e c i e s . On t h e b a s i s t h a t 
p r o l i n e i s produced b o t h as a r e s u l t o f a decrease i n 
p r o t e i n s y n t h e s i s and from 'de novo' s y n t h e s i s i n l e a d 
t o l e r a n t p l a n t s , i t may prove i m p o s s i b l e t o 
s t a t i s t i c a l l y d i s t i n g u i s h between n o n - t o l e r a n t and 
t o l e r a n t i n d i v i d u a l s . However i t i s expected t h a t 
s i g n i f i c a n t d i f f e r e n c e s i n p r o l i n e l e v e l s w i l l be found 
between s t r e s s e d and n o n - s t r e s s e d p l a n t s . 
The species chosen f o r t h i s study was Plantago 
lanceolata L., a species w i d e l y r e p o r t e d t o be t o l e r a n t 
o f e x c e s s i v e l e v e l s o f l e a d ( G a r t s i d e and M c N e i l l y , 
1974; Gemmell, 1977). P.lanceolata i s known t o produce 
p r o l i n e as a r e s u l t o f l e a d p o l l u t i o n (Hardie, 1989) 
and t h e s p e c i e s ' growth form and l e a f shape make i t 
easy t o m a n i p u l a t e e x p e r i m e n t a l l y . The species i s 
u b i q u i t o u s t h r o u g h o u t Co. Durham, growing i n 
g r a s s l a n d s , a l o n g r o a d s i d e verges and on t h e many s p o i l 
t i p s i n t h e west o f Co. Durham. 
20 
Although for many c e n t u r i e s the major source of 
l e a d contamination i n the area has been the waste 
a s s o c i a t e d with the e x t r a c t i o n of galena, another 
p o t e n t i a l source of lead p o l l u t i o n i s from motor 
v e h i c l e emissions. C e r t a i n l y , past s t u d i e s (Chow 1970) 
have reported s o i l lead l e v e l s as high as 400 p.p.m. as 
much as 7.6 metres away from an urban road; a l e v e l 
considered to be twice as high as that of 'normal' 
s o i l s (Bradshaw and McNeilly, 1981) , There are many 
roads running through Co. Durham, not l e a s t of which i s 
the Al motorway. I t i s suggested that lead p o l l u t i o n 
from exhaust fumes may be great enough to have provided 
the necessary s e l e c t i o n pressure for lead t o l e r a n t 
ecotypes of P . l a n c e o l a t a to have been favoured nearby 
to c e r t a i n s t r e t c h e s of road. Atkins et ai.(1982) 
suggested that l e v e l s of lead p o l l u t i o n i n roadside 
verges may be great enough to s e l e c t t o l e r a n t genotypes 
of p l a n t s and Wu and Antonovics (1976) demonstrated 
t h a t populations of Plantago lanceolata growing on lead 
contaminated roadside verges contained lead t o l e r a n t 
i n d i v i d u a l s . With i n c r e a s i n g d i s t a n c e from the road, 
the l e v e l s of lead experienced by the vegetation w i l l 
be expected to decrease and a subsequent reduction i n 
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l e a d t o l e r a n c e i s l i k e l y to be found. I t i s proposed 
th a t changes i n lead l e v e l s with proximity to major 
roads w i l l be r e f l e c t e d i n the accumulation of p r o l i n e , 
with higher l e v e l s of p r o l i n e being found i n those 
i n d i v i d u a l s growing c l o s e s t to the road. 
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MATERIALS AND METHODS 
Plant Materials 
Sites 
P l a n t m a t e r i a l was c o l l e c t e d from two l e a d p o l l u t e d 
s i t e s and two u n p o l l u t e d s i t e s . The f i r s t experiment 
c o n c e n t r a t e d on p l a n t m a t e r i a l c o l l e c t e d i n mid-May 
from Weardale, a t B o l l i h o p e and Stanhope. The B o l l i h o p e 
s i t e ( G r i d Ref. NY 007 349) i s an area o f l e a d mine 
s p o i l l e f t a f t e r l e a d m i n i n g o p e r a t i o n s ceased over one 
hundred years ago. I t s u p p o r t s e x t e n s i v e p o p u l a t i o n s o f 
P.lanceolata i n c l o s e l y grazed t u r f . The Stanhope s i t e 
( G r i d Ref. NY 988 395) i s a r o a d s i d e verge which l i e s 
a t about t h e same a l t i t u d e and so a l l o w s a comparison 
between p l a n t s t h a t e x p e r i e n c e s i m i l a r c l i m a t i c 
c o n d i t i o n s . A l t h o u g h t h e s i t e does experience some 
l i g h t t r a f f i c , i t was t h o u g h t t o be so i n f r e q u e n t as t o 
not cause l e a d l e v e l s i n t h e a d j a c e n t s o i l t o be above 
ambient, and c e r t a i n l y n o t as h i g h as those found a t 
B o l l i h o p e . 
The second experiment c o n s i d e r e d two s i t e s l o c a t e d 
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i n Durham C i t y . The G i l e s g a t e s i t e ( G r i d Ref. NZ 281 
428) i s s i t u a t e d on a r o a d s i d e verge along t h e A690 
which connects Durham w i t h t h e A l ( M ) . The s i t e was 100 
metres eas t o f G i l e s g a t e road i s l a n d a t a p o i n t where 
t r a f f i c i s h e l d up d u r i n g t h e morning rush-hour. 
Because t r a f f i c i s s t a t i o n a r y a t t h i s p o i n t and because 
i t i s one o f t h e b u s i e s t roads i n County Durham, i t i s 
more l i k e l y t o ex p e r i e n c e g r e a t e r f a l l - o u t o f l e a d from 
c a r exhausts t h a n almost any o t h e r s i t e i n t h e 
s u r r o u n d i n g area. P l a n t s were c o l l e c t e d from an area 
0m-3m away from t h e road. The u n p o l l u t e d s i t e chosen 
was s i t u a t e d a t Durham U n i v e r s i t y ' s science s i t e ( G r i d 
Ref NZ 277 415). This i s an area o f rough ground, again 
a t a s i m i l a r a l t i t u d e t o t h e contaminated s i t e , which 
i s s i t u a t e d w e l l away from any road and i s not known t o 
have been cont a m i n a t e d w i t h l e a d . P l a n t s were c o l l e c t e d 
f rom t h e s e s i t e s i n l a t e June. 
Table 2.1. P.lanceolata f i e l d s i t e s . 
S i t e P o l l u t e d ? Source 
B o l l i h o p e Yes Mine S p o i l 
Stanhope No 
G i l e s g a t e Yes Car exhausts 
U n i v e r s i t y No 
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F i g 2.1. P.lanceolata f i e l d s i t e s 
COUNTY DURHAM 
WATSONIAN VICE COUNTY 66 
G i l e s g a t e • 





The p l a n t s c o l l e c t e d from t h e f i e l d were p l a n t e d i n 
8cm d i a m e t e r p o t s i n a m i x t u r e o f 50:50 v e r m i c u l i t e and 
L e v i n g t o n s p o t t i n g compost a f t e r p r i o r removal of a l l 
o f t h e s o i l a d h e r i n g t o t h e r o o t s . The p l a n t s were then 
p l a c e d i n a p l a n t growth room where t h e y e x p e r i e n c e d a 
c o n s t a n t t e m p e r a t u r e o f 25 °C and a 16 hour l i g h t 
regime. For a p e r i o d o f one week t h e p l a n t s were 
wa t e r e d w i t h o r d i n a r y t a p water and were a l l o w e d t o 
become e s t a b l i s h e d i n l a b o r a t o r y c o n d i t i o n s . I n i t i a l 
m o r p h o l o g i c a l c h a r a c t e r i s t i c s were noted i n t h e p l a n t s 
from t h e f o u r s i t e s and f u r t h e r changes were a l s o 
r e c o r d e d . 
I n i t i a l e xperiments c o n c e n t r a t e d on assessing t h e 
p r o l i n e l e v e l s i n d i f f e r e n t p a r t s o f drought s t r e s s e d 
l e a v e s t o see i f t h e p o r t i o n o f a l e a f sampled ( i . e 
base, m i d d l e or t i p ) a f f e c t e d i n anyway t h e l e v e l o f 
p r o l i n e o b t a i n e d . R e s u l t s suggested t h a t t h e r e were no 
s i g n i f i c a n t d i f f e r e n c e s i n p r o l i n e l e v e l s between the 
d i f f e r e n t p o r t i o n s o f Plantago lanceolata leaves (Table 
2.2. and 2.3.) a f t e r water had been w i t h h e l d f o r f i v e 
days. However, i n t h e i n t e r e s t s o f c o n s i s t e n c y i t was 
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d e c i d e d t h a t a l l subsequent p r o l i n e e s t i m a t i o n should 
be from t h e m i d - p o r t i o n o f t h e l e a f and p r e f e r a b l y from 
l e a v e s o f a s i m i l a r age. 
Table 2.2. P r o l i n e l e v e l s ({imols g — f r e s h weight; 
i n d i f f e r e n t p a r t s o f t h e l e a f . 
Leaf Portion Mean P r o l i n e 
Base 6.3 ± 0.9 
Middle 5.6 ± 0.6 
Shoot 7.8 ± 1.2 
Table 2.3. R e s u l t s o f s i g n i f i c a n c e t e s t s f o r p r o l i n e 
l e v e l s i n d i f f e r e n t p a r t s o f t h e l e a f 
Leaf p o r t i o n 't'value S i g n i f i c a n t ? 
Base/Middle 0.576 NO 
Base/Shoot 0. 985 NO 
Shoot/Middle 1.569 NO 
A l l v a l u e s have 20 d . f . 
I n o r d e r t o study t h e changes and d i f f e r e n c e s i n 
p r o l i n e l e v e l s as a response t o l e a d p o l l u t i o n between 
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p l a n t s from c o n t a m i n a t e d and 'normal' s i t e s , two sets 
o f p l a n t s were chosen from t h e f o u r f i e l d s i t e s under 
i n v e s t i g a t i o n . The f i r s t s e t o f p l a n t s were watered 
w i t h a s o l u t i o n o f l e a d n i t r a t e a t 400 |lg ml"-'-, t h e 
second w i t h o r d i n a r y t a p water. A c o n c e n t r a t i o n o f 400 
|ig ml"-'-, was chosen as i t was c o n s i d e r e d by Bradshaw 
and M c N e i l l y (1981) t o be t y p i c a l o f l e a d p o l l u t e d 
c o n d i t i o n s and would t h e r e b y s i m u l a t e t h e e f f e c t s o f 
l e a d p o l l u t i o n . P r o l i n e l e v e l s were determined i n 
lea v e s a t t h e s t a r t o f t h e experiments i n o r d e r t o set 
a zero p o i n t w i t h which t o compare f u t u r e changes. Leaf 
samples were t h e n t a k e n every week f o r t h e l e n g t h o f 
t h e e x p eriments and f i n a l l y t h e l e v e l s o f p r o l i n e were 
d e t e r m i n e d f o r a l l p l a n t s i n b o t h leaves and r o o t s at 
t h e end o f t h e e x p e r i m e n t a l work. 
Proline Estimations And Extractions 
P r o l i n e l e v e l s i n p l a n t t i s s u e were e s t i m a t e d u s i n g 
t h e t e c h n i q u e o u t l i n e d by Bates e t a l (1973). A sample 
o f f r e s h t i s s u e o f known weight ( a p p r o x i m a t e l y 0.2g) 
was ground down u s i n g a p e s t l e and m o r t a r . A s m a l l 
amount o f acid-washed sand was used t o a s s i s t w i t h t h e 
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g r i n d i n g . 25ml o f 3% s u l p h o s a l i c y c l i c a c i d was added t o 
t h e ground-up t i s s u e and t h e r e s u l t i n g s o l u t i o n was 
f i l t e r e d t h r o u g h Whatman No. 1 f i l t e r paper w i t h t h e 
f i l t r a t e b e i n g r e t a i n e d . 2ml o f t h e f i l t r a t e was 
removed and was shaken w i t h a p i n c h o f A m b e r l i t e r e s i n 
(IR150) so as t o remove charged amino a c i d s and 
compounds o f low m o l e c u l a r weight and t h e r e b y make t h e 
e s t i m a t i o n more e x c l u s i v e t o p r o l i n e . 
A c i d - n i n h y d r i n was pr e p a r e d by h e a t i n g 1.25g of 
n i n h y d r i n w i t h 30ml o f o r t h o p h o s p h o r i c a c i d and 30ml o f 
g l a c i a l a c e t i c a c i d i n a water b a t h f o r one hour a t 
80°C. Th i s reagent i s s t a b l e f o r a p p r o x i m a t e l y 24 h i f 
s t o r e d a t 4°C (Chinard, 1952). The 2ml o f f i l t r a t e was 
t h e n added t o 2ml o f g l a c i a l a c e t i c a c i d and 2ml of 
a c i d n i n h y d r i n . This s o l u t i o n was heated i n a waterbath 
f o r one hour a t 80 °C and t h e n c o o l e d i n an i c e bucket 
i n o r d e r t o t e r m i n a t e t h e r e a c t i o n . 4ml o f t o l u e n e was 
su b s e q u e n t l y added and shaken i n w i t h t h e s o l u t i o n and 
t h e n a l l o w e d t o sep a r a t e out again a t room temperature. 
A f t e r some minutes t h e t o l u e n e c l e a r e d as a t o p l a y e r 
and was removed. The r e m a i n i n g s o l u t i o n was c e n t r i f u g e d 
f o r f i v e minutes and i t ' s absorbence was measured on a 
Shimadzu sp e c t r o p h o t o m e t e r a t 520nm u s i n g t o l u e n e as a 
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b l a n k . 
The p r o l i n e c o n c e n t r a t i o n was t h e n c a l c u l a t e d from 
a s t a n d a r d c a l i b r a t i o n curve produced by Hardie (1989) 
and u s i n g t h e f o l l o w i n g e q u a t i o n determined by Bates et 
al. (1973): 
[ ({ig p r o l i n e m i z l * toluene ml) / l l S . S j i g ijmoizji] 
[g sample / 2] 
= fimols p r o l i n e g~^ f r e s h weight. 
The c a l c u l a t i o n o f p r o l i n e c o n c e n t r a t i o n was 
c a r r i e d out u s i n g a computer program w r i t t e n i n Basic2. 
Transects 
D u r i n g t h e summer f i e l d w o r k c o n c e n t r a t e d on 
sampling p r o l i n e l e v e l s i n P.lanceolata on roadside 
v e r g e s . Leaf m a t e r i a l was c o l l e c t e d every 0.5m along a 
t r a n s e c t which s t a r t e d a t t h e road's edge and ended a t 
some break i n t h e verge, u s u a l l y a hedge. The s i t e s 
chosen were a l l s i t u a t e d a l o n g f r e q u e n t l y used roads, 
u s u a l l y where t r a f f i c i s known t o accumulate d u r i n g 
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t i m e s o f peak use. The s i t e s were a l s o u n i f o r m i n 
r e s p e c t t o topography and c u t t i n g regime, as b o t h s o i l 
m o i s t u r e and t h e age o f t h e l e a f c o u l d a f f e c t t h e 
r e s u l t s o b t a i n e d . The sampling o f P.lanceolata leaves 
f o r p r o l i n e a l o n g t r a n s e c t s was expected t o r e v e a l any 
c o r r e l a t i o n between t h e p r o x i m i t y t o roads (and 
t h e r e f o r e t h e l e a d source) and t h e p r o d u c t i o n o f 
p r o l i n e . 
Soil lead analysis 
S o i l samples were c o l l e c t e d from each o f t h e f o u r 
s t u d y s i t e s , w i t h 4 i n d i v i d u a l samples b e i n g taken from 
a l o n g t h e G i l e s g a t e s i t e (0, 3, 6 & 12 metres along t he 
t r a n s e c t ) . The s o i l was c o l l e c t e d from t h e upper 5cm o f 
t h e p r o f i l e i n o r d e r t o o b t a i n a r e p r e s e n t a t i v e sample 
o f s o i l w i t h r e s p e c t t o t h e average r o o t depth o f 
P. lanceolata and t h e f r a c t i o n o f t h e s o i l most 
c o n t a m i n a t e d w i t h l e a d from car exhausts. S o i l samples 
were p l a c e d i n a m u f f l e f u r n a c e a t 700°C t o remove 
water and o r g a n i c m a t e r i a l . The samples were removed 
from t h e f u r n a c e when two c o n s e c u t i v e weight readings 
f o r each i n d i v i d u a l sample was t h e same. 
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The method used t o assess l e a d l e v e l s i n s o i l was a 
t i t r a t i o n t e c h n i q u e m o d i f i e d from Vogel (1981). I g o f 
t h e d r i e d s o i l was d i l u t e d i n 10ml o f d i s t i l l e d water 
and was a g i t a t e d f o r 30 minutes so t h a t as much o f t h e 
l e a d i n t h e s o i l as p o s s i b l e would go i n t o s o l u t i o n . 
F u r t h e r d i l u t i o n s were made i f necessary i n ord e r t o 
o b t a i n a f a s t e r c o l o u r change on t i t r a t i o n . The pH o f 
t h e s o i l l e a d s o l u t i o n was a d j u s t e d t o pH 6 u s i n g 
hexamine as a b u f f e r t o make t h e e s t i m a t i o n more 
s e l e c t i v e f o r l e a d . Four drops o f x y l e n o l orange 
i n d i c a t o r were added t o a known volume o f t h e l e a d 
s o l u t i o n and t h i s was t i t r a t e d w i t h a 0.01 molar 
s o l u t i o n o f e t h y l e n e d i a m i n e t e t r a a c e t i c a c i d 
(E.D.T.A.). E.D.T.A. complexes w i t h t h e l e a d i n 
s o l u t i o n i n t h e sample and causes a c o l o u r change i n 
t h e i n d i c a t o r from p u r p l e t o lemmon y e l l o w . The volume 
of E.D.T.A. used t o acheive t h e end-p o i n t c o l o u r 
change was rec o r d e d , t h e c o n c e n t r a t i o n o f l e a d was then 
d e t e r m i n e d knowing t h a t 1 mole E.D.T.A. i s e q u i v a l e n t 
t o 1 mole o f l e a d . The proceedure was rep e a t e d t h r e e 
t i m e s and t h e mean volume o f E.D.T.A. was used t o 
c a l c u l a t e t h e amount o f l e a d i n t h e sample. 
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The use o f E.D.T.A. as a complexing agent tends t o 
g i v e an over e s t i m a t i o n o f t h e l e a d t h a t i s a v a i l a b l e 
t o p l a n t s from a g i v e n sample (Gemmell, 1977) . The 
r e s u l t s o b t a i n e d from t h i s method g i v e a value f o r 
t o t a l l e a d , n o t t h e q u a n t i t y t h a t can be taken up by 
p l a n t r o o t s . However, t h e values c a l c u l a t e d f o r each 
s i t e w i l l g i v e a g e n e r a l guide t o t h e i r r e l a t i v e 
l e v e l s o f l e a d p o l l u t i o n . The accuracy o f t h e techn i q u e 
( f o r t o t a l lead) was t e s t e d by t i t r a t i n g E.D.T.A. i n t o 
a l e a d s o l u t i o n o f known c o n c e n t r a t i o n . The e r r o r was 
found t o be ± 8 per c e n t . 
Statistical Analysis 
The r e s u l t s o f e x p e r i m e n t a l t r e a t m e n t s were t e s t e d 
by Students ' t ' t e s t w h i l e t h e s t r e n g t h o f a s s o c i a t i o n 
between t h e t r a n s e c t v a r i a b l e s was measured by 
c o r r e l a t i o n , w i t h t h e s i g n i f i c a n c e o f those 




The p r i m a r y o b j e c t i v e o f growing p l a n t s c o l l e c t e d 
f r o m p o l l u t e d and u n p o l l u t e d s i t e s i n l a b o r a t o r y 
c o n d i t i o n s was t o see i f any s i g n i f i c a n t d i f f e r e n c e s 
c o u l d be found i n l e a f p r o l i n e l e v e l s when these p l a n t s 
were watered w i t h a l e a d n i t r a t e s o l u t i o n a t 400 p,gml"-'-
A secondary c o n s i d e r a t i o n was t o c o n f i r m t h a t p l a n t s 
w a t e r e d w i t h a s t r e s s - i n d u c i n g l e a d s o l u t i o n d i d i n 
f a c t produce more p r o l i n e t h a n p l a n t s from t h e same 
s i t e s w a t e r e d w i t h t a p water. 
No s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e s c o u l d be 
fo u n d between t h e l e v e l s o f p r o l i n e i n t h e leaves o f 
B o l l i h o p e p l a n t s and t h e l e v e l s r e c o r d e d i n Stanhope 
p l a n t s over t h e 63 days t h a t t h e y were s u b j e c t e d t o 
l e a d n i t r a t e (Tables 3.1., 3.2.). The p l a n t s watered 
w i t h l e a d n i t r a t e from b o t h o f t h e Weardale s i t e s 
seemed t o f o l l o w s i m i l a r t r e n d s , w i t h l e v e l s o f p r o l i n e 
o f b o t h s e t s o f p l a n t s r i s i n g and f a l l i n g i n unison 
( F i g . 3 . 1 . ) . A f t e r about 30 days t h e d i f f e r e n c e s i n 
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p r o l i n e l e v e l s between p l a n t s watered w i t h l e a d n i t r a t e 
and those watered w i t h t a p water became obvious, though 
n o t s i g n i f i c a n t l y d i f f e r e n t , (Tables 3.1, 3.3. & 3.4.). 
Table 3.1 Change I n Mean (± S.E.) Leaf P r o l i n e 
L e v e l s (Jimols. g — f r e s h w e i g h t ) With Time. 
S i t e S o l u t i o n Day 0 Day 9 Day 15 
B o l l i h o p e Pb(NO3)2 3.5 ± 0.4 8.6 ± 1.5 '5.6 ± 0.3 1 
B o l l i h o p e H2O 3.5 ± 0.4 2.4 + 0.3 '6.5 ± 0.1 1 
Stanhope Pb(NO3)2 3.3 ± 0.4 4.2 ± 0.7 |7.5 ± 1.6 1 
Stanhope H2O 3.3 ± 0.4 2.7 ± 0.4 '3.6 ± 0.4 1' 
S i t e S o l u t i o n Day 21 Day 28 Day 35 
B o l l i h o p e Pb(NO3)2 4.3 ± 0.5 3.4 ± 0.8 6.9 ± 0.9 1 
B o l l i h o p e H2O 3.5 ± 0.4 5.5 ± 0.8 5.3 ± 0.8 1' 
Stanhope Pb(NO3)2 3.4 ± 0.2 5.0 ± 0.2 7.3 ± 0.5 1' 
Stanhope H2O 3.0 ± 0.4 3.7 ± 0.4 1 2.5 ± 0.1 || 
S i t e S o l u t i o n Day 41 Day 63 
B o l l i h o p e Pb(NO3)2 4.0 ± 0.6 5.7 ± 0.4 
B o l l i h o p e H2O 2.6 ± 0.3 2.9 ± 0.2 
Stanhope Pb(NO3)2 3.6 ± 0.8 5.6 ± 0.3 
Stanhope H2O 2.3 ± 0.3 3.2 ± 0.8 
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Table 3.2. R e s u l t s o f s i g n i f i c a n c e t e s t s between t h e 
B o l l i h o p e [Pb(NO-:i)^] And Stanhope [Pb(N0^)9] 
Treatments— 
Day 0 9 15 21 
' t ' value 0.36 2. 617 1.134 1.55 
Deg. of F. 4 4 4 4 
S i g n i f i c a n c e N.S. N.S. N.S. N.S. 
Day 28 35 41 63 
' t ' value 1.986 0.397 0.423 0.249 
Deg. of F. 4 4 4 33 
S i g n i f i c a n c e N.S. N.S. N.S. N.S 
Table 3.3. R e s u l t s o f s i g n i f i c a n c e t e s t s between t h e 
B o l l i h o p e [Pb(NO^)^] And B o l l i h o p e [H9O] 
Treatments. 
Day 0 9 15 21 
' t ' value 4.072 0.514 1.196 
Deg. of F. 3 4 4 
S i g n i f i c a n c e (0.05) N.S. N.S. 
Day 28 35 41 6 3^ 
' t ' value 1.193 1.344 2.134 6.924 
Deg. of F. 4 4 4 27 
S i g n i f i c a n c e N.S. N.S. N.S. (0.002) 
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Table 3.4. R e s u l t s o f s i g n i f i c a n c e t e s t s between t h e 
Stanhope [Pb(N0-:t)9] And Stanhope [H;?0] 
Treatments. 
Day 0 9 15 21 
' t ' value 1.925 2.36 0.92 
Deg. of F. 3 4 4 
S i g n i f i c a n c e N.S. N.S N.S. 
Day 28 35 41 63 
' t ' value 2.737 9.52 1.57 2. 90 
Deg. of F. 4 4 3 12 
S i g n i f i c a n c e N.S. (0.002) N.S. (0.02) 
9 days a f t e r t h e s t a r t o f t h e experiment t h e l e v e l s o f 
p r o l i n e r e c o r d e d i n leaves o f B o l l i h o p e p l a n t s watered 
w i t h l e a d s o l u t i o n were found t o be s i g n i f i c a n t l y 
d i f f e r e n t (P <0.05) th a n l e v e l s o f p r o l i n e i n c o n t r o l 
p l a n t s , b u t i t was not u n t i l t h e end o f t h e experiment 
t h a t s i g n i f i c a n t d i f f e r e n c e s were found a g a i n . When a l l 
o f t h e p l a n t s from t h e B o l l i h o p e s i t e were measured f o r 
l e a f p r o l i n e l e v e l s a f t e r 63 days t h e p r o l i n e l e v e l s o f 
l e a d - t r e a t e d p l a n t s were s i g n i f i c a n t l y g r e a t e r (P 
<0.002) t h a n those i n t h e c o n t r o l p l a n t s . S i m i l a r l y i n 
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t h e Stanhope Pb/Stanhope H2O a n a l y s i s a s i g n i f i c a n t l y 
g r e a t e r (P <0.02) amount o f p r o l i n e was found i n t h e 
leaves o f t h e l e a d watered p l a n t s a t t h e end of t h e 
e x p e r i m e n t . The o n l y o t h e r s i g n i f i c a n t d i f f e r e n c e (P 
<0.002) was r e c o r d e d a f t e r 35 days a l t h o u g h an obvious 
d i f f e r e n c e i n p r o l i n e l e v e l s between t h e l e a d watered 
and c o n t r o l p l a n t s can be seen from 30 days onwards, 
( F i g . 3.1.). 
The G i l e s g a t e / U n i v e r s i t y experiment d i d i n i t i a l l y 
show s i g n i f i c a n t d i f f e r e n c e s between p r o l i n e l e v e l s i n 
l e a d w a t e r e d p l a n t s from t h e two s i t e s . However, t h e 
d i f f e r e n c e s were not as expected w i t h t h e p l a n t s from 
t h e u n p o l l u t e d U n i v e r s i t y s i t e p r o d u c i n g more p r o l i n e 
t h a n t h o s e from t h e p o l l u t e d G i l e s g a t e s i t e , (Tables 
3.5. & 3.6.). The f i r s t sample o f p r o l i n e l e v e l s b e f o r e 
t h e t r e a t m e n t began showed a s i g n i f i c a n t l y g r e a t e r 
amount o f p r o l i n e (P <0.02) i n t h e leaves o f t h e 
U n i v e r s i t y p l a n t s and t h e n 2 days f o l l o w i n g t h e f i r s t 
w a t e r i n g w i t h l e a d n i t r a t e s o l u t i o n , (P <0.01). No 
f u r t h e r s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e s were 
found as t h e experiment proceeded and l e v e l s i n b o t h 
s e t s o f p l a n t s seemed t o v a r y l e s s , ( F i g . 3 . 2 . ) . 
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Table 3.5. Change I n Mean (± S.E.) Leaf P r o l i n e Levels 
(]imols. g — f r e s h w e i g h t ) W i t h Time, 
S i t e S o l u t i o n Day 0 Day 2 Day 8 
G i l e s g a t e Pb(NO3)2 2.7 + 0.3 3.6 ± 0.4 '5.7 ± 0.3| 
G i l e s g a t e H2O 2.7 ± 0.3 3.2 ± 0.3 (5.5 ± 0.3| 
U n i v e r s i t y Pb(NO3)2 4.7 ± 0.5 5.3 ± 0 . 2 |5.4±0.7|' 
U n i v e r s i t y H2O 4.7 ± 0.5 4.3 ± 0.8 4.9 ± 0.8 1' 
S i t e S o l u t i o n Day 13 Day 21 Day 28 
G i l e s g a t e Pb(NO3)2 4.5 ± 0.4 4.8 ± 0.2 4.0 ± 0.3 1' 
G i l e s g a t e H2O 4.5 ± 0.9 4.8 ± 0.5 4.8 ± 0.5| 
U n i v e r s i t y Pb(NO3)2 4.1 ± 0.7 5.2 ± 0.5 1 5.0 ± 0.4 1' 
U n i v e r s i t y H2O 4.6 ± 0.9 3.7 ± 0.6 (3.9 ± 0.7 || 
Table 3.6. R e s u l t s o f s i g n i f i c a n c e t e s t s between t h e 
G i l e s g a t e [Pb(N0-:i)2] And U n i v e r s i t y [ P b ( N 0 ^ ) 9 ] 
Treatments 
Day 0 2 8 
' t ' Value 3.428 3.485 0.334 
Deg. Of. F. 6 10 10 
S i g n i f i c a n c e (0.02) (0.01) N.S. 
Day 13 21 28 
' t ' Value 0.533 0.802 2.047 
Deg. Of. F. 10 10 19 
S i g n i f i c a n c e N.S. N.S N.S. 
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I n c o n t r a s t t o t h e r e s u l t s found i n t h e Weardale 
p l a n t s , t h e p l a n t s from Durham C i t y showed no evidence 
o f a c c u m u l a t i n g h i g h e r amounts o f p r o l i n e when they 
were water e d w i t h t h e l e a d s o l u t i o n t h a n when watered 
w i t h t a p water, (Tables 3.5., 3.7. & 3.8.). Mean 
p r o l i n e l e v e l s f l u c t u a t e d markedly, w i t h l e v e l s i n 
c o n t r o l p l a n t s o c c a s i o n a l l y b e i n g g r e a t e r t h a n l e v e l s 
i n t h e l e a d watered p l a n t s ( F i g . 3 . 2 . ) . 
Table 3.7. R e s u l t s o f s i g n i f i c a n c e t e s t s between t h e 
G i l e s g a t e [Pb(N0^)9] And G i l e s g a t e [n-pO] 
Treatments. 
Day 0 2 8 
' t ' Value 0.809 0.382 
Deg. Of. F. 7 7 
S i g n i f i c a n c e N.S. N.S. 
Day 13 21 28 
' f Value 0.047 0.128 1.454 
Deg. Of F. 7 7 17 
S i g n i f i c a n c e N.S. N.S. N.S. 
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Table 3.8. R e s u l t s o f s i g n i f i c a n c e t e s t s between t h e 
U n i v e r s i t y [Pb(N03)2] And U n i v e r s i t y [H2O] 
Treatments. 
Day 0 2 8 
' t ' Value 1.062 0.49 
Deg. Of. F. 7 7 
S i g n i f i c a n c e N.S. N.S. 
Day 13 21 28 
' t ' Value 0.459 1.823 1.455 
Deg. Of F. 7 7 9 
S i g n i f i c a n c e N.S. N.S. N.S. 
The r o o t p r o l i n e l e v e l s i n t h e e x p e r i m e n t a l p l a n t s 
d e t e r m i n e d a t t h e c o n c l u s i o n o f t h e work u n d e r l i n e d t he 
r e s u l t s from t h e l e a f p r o l i n e samples (Fig.3.3, 3.4.). 
No s i g n i f i c a n t d i f f e r e n c e s were found between mean 
p r o l i n e c o n c e n t r a t i o n s i n t h e r o o t s o f p l a n t s from 
p o l l u t e d ( B o l l i h o p e and G i l e s g a t e ) and u n p o l l u t e d 
(Stanhope and U n i v e r s i t y ) s i t e s when th e y were watered 
w i t h l e a d n i t r a t e s o l u t i o n . The B o l l i h o p e p l a n t s showed 
a s i g n i f i c a n t l y g r e a t e r amount o f p r o l i n e (P <0.02) i n 
t h e r o o t s o f i n d i v i d u a l s watered w i t h l e a d than the 
p r o l i n e l e v e l s o f t h e c o n t r o l p l a n t s . The r e s u l t s f o r 
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Stanhope demonstrated a s i m i l a r p a t t e r n except t h a t 
d i f f e r e n c e s were even more pronounced, (P <0.002). 
There were no s i g n i f i c a n t d i f f e r e n c e s between mean 
p r o l i n e l e v e l s i n t h e r o o t s o f l e a d watered and c o n t r o l 
p l a n t s i n t h e p l a n t s c o l l e c t e d from Durham C i t y (Tables 
3.9.- 3.12.) . 
Table 3.9. Mean (± S.E.) Root P r o l i n e Levels 
( mols qZl—f.w.). 
Sample Solution Mean P r o l i n e 
B o l l i h o p e Pb(NO3)2 3.2 ± 0.2 
B o l l i h o p e H2O 2.3 ± 0.3 
Stanhope Pb (NO3) 2 2.9 ± 0.2 
Stanhope H2O 1.9 ± 0.1 
Table 3.10. R e s u l t s o f s i g n c i f i c a n c e t e s t s between the 
B o l l i h o p e And Stanhope Treatments. 
TREATMENT 't'value Deg.Of.F. 
B'hope Pb(N03)2/B'hope H2O 2.513 23 
B'hope Pb(N03)2/S'hope Pb(N03)2 1.146 29 
S'hope Pb(N03)2/S'hope H2O 4 . 844 12 
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Table 3.11. Mean (± S.E.) Root P r o l i n e Levels 
( mo I s g — f . w.) . 
Sample Solution Mean P r o l i n e 
G i l e s g a t e Pb(NO3)2 2.6 ± 0.1 
G i l e s g a t e H2O 2.2 ± 0.2 
U n i v e r s i t y Pb (NO3) 2 2.5 ± 0.4 
U n i v e r s i t y H2O 3.5 ± 0.8 
Table 3.12. R e s u l t s o f s i g n i f i c a n c e t e s t s between 
t h e G i l e s g a t e And U n i v e r s i t y Treatments. 
TREATMENT 't'value Deg.Of.F. 
G'gate Pb(NO3)2/G'gate H2O 1.513 16 
G'gate Pb(N03)2/Uni Pb(N03)2 0.168 18 
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Morphological characterisitics 
At t h e o u t s e t o f t h e experiment t h e B o l l i h o p e 
p l a n t s were much s m a l l e r i n s i z e t h a n were t h e Stanhope 
p l a n t s . N e i t h e r set of p l a n t s showed any evidence of 
c h l o r o s i s or o t h e r s i g n o f s t r e s s . The s i z e d i f f e r e n c e 
between t h e B o l l i h o p e and Stanhope p l a n t s was s t i l l 
a pparent a t t h e c o n c l u s i o n o f t h e experiment. However, 
t h e B o l l i h o p e c o n t r o l p l a n t s are n o t i c a b l y l a r g e r i n 
s i z e , and t h e i r leaves appear t o be greener than t h e 
B o l l i h o p e p l a n t s watered w i t h l e a d n i t r a t e ( P l a t e 
3 .1.). The s i z e d i f f e r e n c e between Stanhope c o n t r o l and 
l e a d - s t r e s s e d p l a n t s i s l e s s obvious, a l t h o u g h a s l i g h t 
d i f f e r e n c e can be seen i n l e a f c o l o u r ( P l a t e 3.2.). 
At t h e t e r m i n a t i o n o f t h e Bollihope/Stanhope 
e x p e r i m e n t , 2 o f t h e l e a d - s t r e s s e d p l a n t s from t he 
B o l l i h o p e s i t e had d i e d , out of an o r i g i o n a l t o t a l o f 
29 ( t h e r e were 5 c o n t r o l p l a n t s ) . None o f t h e p l a n t s 
c o l l e c t e d from Stanhope d i e d (14 l e a d - s t r e s s e d ; 3 
c o n t r o l ) . The cause of death i n t h e B o l l i h o p e p l a n t s i s 
unknown. 
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P l a t e 3.1. Bollihope plants 
BounHoPF I BouciHoPe 
P l a t e 3.2. stanhope pl a n t s 
3 ^¥ 
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P l a t e 3.3. Gilesgate p l a n t s 
i 
P l a t e 3.4. U n i v e r s i t y p l a n t s 
Nl\/ERSir>' 
4 S 
There was a l a r g e i n i t i a l s i z e d i f f e r e n c e between 
t h e G i l e s g a t e and U n i v e r s i t y p l a n t s , w i t h t h e former 
b e i n g s m a l l e r t h a n t h e l a t t e r . Again t h e s i z e 
d i f f e r e n c e remained t h r o u g h o u t t h e experiment, a l t h o u g h 
t h e G i l e s g a t e p l a n t s d i d seem t o grow a t a r e l a t i v e l y 
f a s t e r r a t e t h a n d i d t h e U n i v e r s i t y p l a n t s , ( P l a t e s 
3.3. & 3.4.). No d i f f e r e n c e s i n s i z e or l e a f q u a l i t y 
were n o t e d between c o n t r o l and l e a d - s t r e s s e d p l a n t s 
f rom e i t h e r s i t e . 
Only one o f t h e G i l e s g a t e p l a n t s d i e d d u r i n g t h e 
course o f t h e experiment, however f a t a l i t i e s were h i g h 
amongst t h e U n i v e r s i t y p l a n t s . 7 o f t h e l e a d - s t r e s s e d 
p l a n t s (out o f 20) and two o f t h e c o n t r o l p l a n t s (out 
o f 6) d i e d . A l l o f t h e deaths i n t h e U n i v e r s i t y p l a n t s 
are a t t r i b u t e d t o an a p h i d i n f e s t a t i o n . 
49 
Transects. 
Any e f f e c t o f l e a d d e p o s i t i o n on l e a f p r o l i n e 
l e v e l s i n P.lanceolata would be expected t o d e c l i n e 
w i t h d i s t a n c e away from t h e road. The a s s o c i a t i o n s 
between d i s t a n c e from road and l e a f p r o l i n e l e v e l s are 
i n d i c a t e d i n F i g s . 3.5.-3.12 and t h e r e l e v a n t 
s t a t i s t i c s are summarized below; 
Table 3.13. Summary of the s t a t i s t i c a l data 
f o r t h e Transect s i t e s . 
C o r r e l a t i o n C o e f f i c i e n t of 
Trans e c t C o e f f i c i e n t (r) Determination ( r ^ ) t ' 
G i l e s g a t e 1 -0. 08 6.6 * 10~3 0 .38 
G i l e s g a t e 2 -0. 05 2.1 * 10"3 0 .22 
G i l e s g a t e 3 + 0 . 02 3.4 * 10"^ 0 .08 
G i l e s g a t e 4 -0 . 36 0.13 1 .72 
G i l e s g a t e 5 + 0. 18 0.03 0 .03 
1-5 Combined -0 . 17 0.03 0 .08 
Ke p i e r -0 . 02 2.4 * 10"^ 0 .06 
G i l e s g a t e Moor + 0. 42 0.18 2 .08 
The 7 t r a n s e c t s i t e s i n v e s t i g a t e d d u r i n g June and 
J u l y 1990 (Tables 3.14. & 3.15.) f a i l e d t o show any 
s t a t i s t i c a l l y s i g n i f i c a n t a s s o c i a t i o n s between d i s t a n c e 
from road and l e a f p r o l i n e l e v e l s . 
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Table 3.14. G i l e s g a t e (NZ 281 428) Transects. 
14/18/19/20/21 June 1990. 
Distance P r o l i n e (|imols. g'-'-.f.w.) 
From Road(m) T l T2 T3 T4 T5 MEAN(±S.E.) 
0.5 4.5 5.9 12.0 1.9 6.1(± 2.1) 
1.0 4.0 6.3 5.7 7.4 3.3 5.3 (± 0.8) 
1.5 6.6 6.8 5.5 5.1 7.4 6.3(± 0.4) 
2.0 4.8 6.7 5.0 9.2 4.6 6.1(± 0.9) 
2.5 5.8 3.7 3.9 7.9 6.5 5.6 (± 0.8) 
3.0 5.6 5.9 6.9 3.5 5.8 5.5 (± 0.6) 
3.5 3.0 10.2 10.2 7.8 5.2 7.3(±1.4) 
4.0 3.4 10.1 6.1 6.0 4.8 6.1 (±1.1) 
4.5 6.0 3.9 4.0 4.2 4.5 (± 0.5) 
5.0 5.6 7.1 6.1 6.9 3.6 5.9 (± 0.6) 
5.5 4.9 6.9 5.9 6.2 3.9 5.6(± 0.5) 
6.0 4.3 6.4 9.7 7.7 4.8 6.6(± 1.0) 
6.5 3.1 6.8 10.0 7.0 6.7 (±1.4) 
7.0 6.7 4.1 11.0 7.9 3.0 6.5(±1.4) 
7.5 5.8 8.3 6.1 4.3 6.1(± 0.8) 
8.0 4.5 9.9 8.6 3.8 4.2 6.2 (± 1.3) 
8.5 6.1 7.6 4.6 4.6 5.8 5.7(± 0.6) 
9.0 5.1 6.4 5.9 6.2 10.0 6.7(± 0.9) 
9.5 4.8 6.1 5.5 7.9 4.8 5.8 (± 0.6) 
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Distance P r o l i n e (jomols. .w.) 
From Road(m) T l T2 T3 T4 T5 MEAN(±S .E.) 
10.0 3 . 9 4 . 1 7.4 6.5 3.6 5.1(± 0 .8) 
10.5 7.1 6.4 5.3 8.3 7.1 6 . 8 (+ 0 .5) 
11. 0 3.4 6.1 5.5 8.3 5.6 5.8(± 0 .8) 
11.5 4 . 7 7 . 1 5.3 2.7 4.5 4.9 (± 0 .7) 
12.0 3.3 5.5 6.2 3.7 4 . 4 4.6(± 0 .5) 
Table 3.15. Kepier (NZ 286 434) And 
G i l e s g a t e Moor (NZ 300 435) Tran s e c t s . 
27/30 J u l y 1990. 
Distance P r o l i n e (|imols. g~^.f.w.) 
From Road(m) Kepier G i l e s g a t e Moor 
0.5 7.8 
1.0 
1.5 8.7 10.6 
2.0 10.3 7.6 
2.5 11.7 9.8 
3.0 9.3 9.3 
3.5 10.6 4.8 
4.0 14.5 8.9 
4.5 9.5 4.3 
5.0 12.2 4.7 
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Distance P r o l i n e (jamols. g~^.f.w.) 
From Road(m). Kepier G i l e s g a t e Moor 
5.5 12.5 2.8 
6.0 15.9 6.6 
6.5 12.6 8.7 
7.0 14.9 6.7 
7.5 13.4 9.5 
8.0 10.1 12.4 
8.5 13.7 6.5 





11.5 6.0 7.3 





















































Proine (u mols per g.f.w.) 
4 6 8 10 
Distance From Road (m). 
12 
N=22,y=n.27-0.01 x 
r= - 0.02, r = 0.0002 
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Distance from Road (m). 
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N=22, y= 6.25 + 0.30 x 




A l t h o u g h f o u r o f t h e t r a n s e c t s d i d produce n e g a t i v e 
c o r r e l a t i o n s , none were found t o be s i g n i f i c a n t l y 
a s s o c i a t e d . Only t h e 4 t h G i l e s g a t e t r a n s e c t produced a 
r e l a t i v e l y good n e g a t i v e c o r r e l a t i o n , ( r = - 0.36), 
however, t h e c o e f f i c i e n t o f d e t e r m i n a t i o n ( r ) value o f 
0.13 shows t h a t l i t t l e o f t h e v a r i a t i o n i n l e a f p r o l i n e 
l e v e l ( i . e . 13 %) can be a t t r i b u t e d t o d i s t a n c e away 
from t h e road. The combined values f o r t h e G i l e s g a t e 
t r a n s e c t s a l s o f a i l e d t o show any s i g n i f i c a n t 
c o r r e l a t i o n , (r= - 0.17) even though i t would be 
expect e d t h a t t h e co m b i n a t i o n o f a l l o f t h e data from 
G i l e s g a t e would i r o n - o u t random e r r o r s and 
f l u c t u a t i o n s . 
By way o f c o n t r a s t t o t h e h y p o t h e s i s t h a t p r o l i n e 
l e v e l s s h o u l d d e c l i n e with d i s t a n c e away from t h e road, 
t h r e e o f t h e t r a n s e c t s were p o s i t i v e l y c o r r e l a t e d . 
However, o n l y t h e G i l e s g a t e Moor t r a n s e c t gave a 
re a s o n a b l y h i g h a s s o c i a t i o n , (r= + 0.42). The 
C o e f f i c i e n t o f d e t e r m i n a t i o n v a l u e o f 0.18 once again 
demonstrates t h e low a s s o c i a t i o n between t h e v a r i a b l e s . 
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5 o i l l e a d a n a l y s i s 
The r e s u l t s o f t h e l e a d t i t r a t i o n s showed t h a t t h e 
two p o l l u t e d s i t e s chosen, namely B o l l i h o p e and 
G i l e s g a t e do i n f a c t have much h i g h e r s o i l l e a d 
c o n c e n t r a t i o n s t h a n t h e two u n p o l l u t e d s i t e s . Stanhope 
and U n i v e r s i t y , ( t a b l e 3.16.). 
Table 3.16. C o n c e n t r a t i o n s o f l e a d from s o i l samples 
(Jig g—) c o l l e c t e d from t h e P. lanceolate f i e l d s i t e s 
S i t e Pb(|ig g"-"- dw) 
B o l l i h o p e 3025 
Stanhope 228 
G i l e s g a t e (Om) 1310 
G i l e s g a t e (3m) 455 
G i l e s g a t e (6m) 342 
G i l e s g a t e (12m) 394 
U n i v e r s i t y 62 
The B o l l i h o p e f i g u r e i s somewhat lower t h a n l e a d 
c o n c e n t r a t i o n s found i n many o t h e r l e a d s p o i l s i n 
B r i t a i n (Gemmell, 1977) . The age o f t h e s i t e and the 
p e r i o d o f t i m e s i n c e i t was mined f o r l e a d may mean 
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t h a t t h e r e has been c o n s i d e r a b l e l e a c h i n g o f l e a d from 
t h e upper p a r t o f t h e s o i l , t h e r e b y d e c r e a s i n g l e a d 
c o n c e n t r a t i o n s . The Stanhope c o n c e n t r a t i o n i s a l i t t l e 
l a r g e r t h a n i s expected i n 'normal' s o i l s t h i s i s 
l i k e l y t o be t h e e f f e c t s o f l e a d d e p o s i t i o n from the 
nearby ro a d . However t h e d i f f e r e n c e i n l e a d 
c o n c e n t r a t i o n s between t h e two s i t e s i s g r e a t enough t o 
j u s t i f y t h e use o f p l a n t s from them i n t h e experiment. 
The G i l e s g a t e s i t e shows a c l e a r g r a d i e n t of l e a d 
d e p o s i t i o n away from t h e road ( F i g 3.13.). The h i g h e s t 
c o n c e n t a t i o n o f 1310 |lg g"-'- a t Om, f a l l s s h a r p l y t o 455 
|lg g"-'- a t 3m and t h e n decreases more evenly t o 394 |ig 
g"-*- a t 12m. These c o n c e n t r a t i o n s are i n accordance w i t h 
v a l u e s produced by Muskett (1981). The r e s u l t s from 
G i l e s g a t e and U n i v e r s i t y f u r t h e r emphasize t h e l e v e l s 
o f l e a d p o l l u t i o n e x p e r i e n c e d by Plantago lanceolata at 
each s i t e . 
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Fig. 3.13. Soil lead levels 
along the Gilesgate transect 
1400 
Lead (ug g-1) 





The i n i t i a l s i z e d i f f e r e n c e n o t e d between the 
B o l l i h o p e and Stanhope p l a n t s i s p o s s i b l y r e l a t e d t o 
t h e e f f e c t s , p a r t i c u l a r l y on growth r a t e s and v i g o u r , 
t h a t t h e h i g h c o n c e n t r a t i o n s o f l e a d a s s o c i a t e d w i t h 
mine s p o i l have on t h e B o l l i h o p e p l a n t s . A second 
c o n s i d e r a t i o n i s t h a t s t r e s s - t o l e r a n t ecotypes are 
o f t e n s t u n t e d i n appearance when compared w i t h 'normal' 
p l a n t s because o f t h e c o s t s i n terms o f growth r a t e s 
and r e l a t i v e f i t n e s s t h a t a s t r e s s - t o l e r a n t metabolism 
imposes (Bradshaw and M c N e i l l y , 1981). Grazing pressure 
may have a b e a r i n g on t h e r e l a t i v e s i z e s o f the 
B o l l i h o p e and Stanhope p l a n t s , b u t t h e e f f e c t s were 
c o n s i d e r e d t o be o f a mi n i m a l importance i n t h i s case. 
The f a c t t h a t t h e B o l l i h o p e c o n t r o l p l a n t s are 
n o t i c e a b l y l a r g e r t h a n t h e B o l l i h o p e l e a d - s t r e s s e d 
p l a n t s a t t h e t e r m i n a t i o n o f t h e experiment ( P l a t e 
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3.1.) i n d i c a t e s t h a t p l a n t s from t h e B o l l i h o p e s i t e 
have t h e c a p a c i t y t o grow l a r g e r i n t h e absence o f l e a d 
s t r e s s . However, t h e m e t a b o l i c ' c o s t s ' o f l e a d -
t o l e r a n c e p r o b a b l y mean t h a t t h e B o l l i h o p e p l a n t s would 
be unable t o a t t a i n t h e same growth r a t e s as t h e 
Stanhope p l a n t s under any c o n d i t i o n s , except those o f 
h i g h l e a d c o n c e n t r a t i o n s . 
The i n i t i a l s i z e d i f f e r e n c e between t h e G i l e s g a t e 
and U n i v e r s i t y p l a n t s i s a l s o t h o u g h t t o be r e l a t e d i n -
p a r t t o t h e l e v e l s o f l e a d t h e y experience i n the 
r e s p e c t i v e s i t e s . However, t h e r e g u l a r mowing of 
r o a d s i d e verges i n Durham C i t y and t h e G i l e s g a t e s i t e 
i n p a r t i c u l a r i s c o n s i d e r e d t o be another f a c t o r 
l i m i t i n g p l a n t s i z e . The U n i v e r s i t y s i t e i s seldom 
c l e a r e d or c u t and t h i s a l l o w s p l a n t s t o a t t a i n a 
g r e a t e r s i z e t h a n i n t h e G i l e s g a t e s i t e . I n t h e absence 
o f mowing t h e G i l e s g a t e p l a n t s may reach a l a r g e r s i z e 
r e l a t i v e t o t h e U n i v e r s i t y p l a n t s , b u t i t i s l i k e l y 
t h a t t h e e f f e c t s o f l e a d p o l l u t i o n , e s p e c i a l l y nearby 
t o t h e road would l i m i t t h e growth o f P. lanceolata to 
some e x t e n t . 
The l a c k o f any d i s c e r n i b l e s i z e d i f f e r e n c e between 
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t h e G i l e s g a t e l e a d - s t r e s s e d and c o n t r o l p l a n t s may 
i n d i c a t e t h a t l e a d - s t r e s s has l e s s o f a r o l e i n 
l i m i t i n g g r owth i n t h e G i l e s g a t e s i t e t h a n i n t h e 
B o l l i h o p e s i t e s . The G i l e s g a t e p l a n t s come from an area 
o f much lower s o i l l e a d c o n c e n t r a t i o n (1310-455 |ig g"-'-) 
t h a n do t h e B o l l i h o p e p l a n t s (3025 |ig g""*") and t h i s may 
be r e f l e c t e d i n t h e i r r e s p e c t i v e growth r a t e s . A 
f u r t h e r f a c t o r i s t h a t t h e G i l e s g a t e / U n i v e r s i t y 
experiment r a n f o r o n l y h a l f t h e t i m e t h a t the 
B o l l i h o p e / S t a n h o p e experiment d i d , t h i s a l l o w s more 
o p p o r t u n i t y f o r an obvious growth response t o occur. 
Both t h e Stanhope and U n i v e r s i t y l e a d - s t r e s s e d 
p l a n t s showed l i t t l e evidence ( e i t h e r i n depreessed 
g r o w t h r a t e s or c h l o r o t i c leaves) of b e i n g a d v e r s l y 
a f f e c t e d by t h e l e a d n i t r a t e s o l u t i o n when they are 
compared w i t h t h e i r r e s p e c t i v e c o n t r o l groups. Given a 
l o n g e r p e r i o d o f t i m e t h e l e a d - s t r e s s e d p l a n t s may have 
shown s i g n s o f s t r e s s . 
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Proline Accumulation 
A l t h o u g h t h e B o l l i h o p e and Stanhope p l a n t s o n l y 
o c c a s i o n a l l y showed s i g n i f i c a n t l y h i g h e r l e v e l s o f 
p r o l i n e i n t h e leaves o f l e a d - s t r e s s e d i n d i v i d u a l s than 
i n t h e c o n t r o l p l a n t s d u r i n g t h e course of t h a t 
e x p e r i m e n t , a l l o f t h e d i f f e r e n c e s i n p r o l i n e l e v e l s 
between l e a d s t r e s s e d and c o n t r o l p l a n t s i n b o t h l e a f 
t i s s u e and r o o t t i s s u e a t t h e c o n c l u s i o n o f t h e 
experiment were found t o be s t a t i s t i c a l l y s i g n i f i c a n t , 
(P <0.02 l e v e l or b e t t e r ) . These r e s u l t s i n d i c a t e t h a t 
t h e w a t e r i n g o f p l a n t s from b o t h p o l l u t e d and 
u n p o l l u t e d s i t e s w i t h a l e a d n i t r a t e s o l u t i o n does 
produce a s i g n i f i c a n t p r o l i n e a c c u m u l a t i o n response by 
the s e p l a n t s . T h i s i s accordance w i t h t h e f i n d i n g s o f 
Ferago e t a i . , (1980) and Hardie (1989) and t h e t h e o r y 
t h a t s t r e s s e d p l a n t s (be i t t o x i c m e t a l , drought or 
s a l t s t r e s s ) produce p r o l i n e as a response t o t h a t 
s t r e s s . 
The occasions d u r i n g t h e experiment when no 
s i g n i f i c a n t d i f f e r e n c e s were n o t e d i n t h e p r o l i n e 
l e v e l s o f s t r e s s e d and c o n t r o l p l a n t s may be a t t r i b u t e d 
t o random v a r i a t i o n s and e r r o r s based on a r e l a t i v e l y 
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s m a l l sample s i z e . At t h e end o f t h e experiments a l l 
p l a n t s were sampled f o r p r o l i n e , w h i l e d u r i n g t h e 
experiment o n l y s m a l l samples, u s u a l l y 3 c o n t r o l and 5 
or 6 s t r e s s e d p l a n t s from each s i t e were taken. 
Sampling a l l p l a n t s on a l l occasions would have g r e a t l y 
reduced t h e l e a f area o f t h e p l a n t s , e s p e c i a l l y t he 
s m a l l B o l l i h o p e p l a n t s , a f f e c t i n g b o t h p l a n t v i g o u r and 
t h e amount o f m a t e r i a l a v a i l a b l e a t t h e end o f the 
e x p e r i m e n t s . 
Whereas a g e n e r a l t r e n d h i g h l i g h t i n g a g r e a t e r 
amount o f p r o l i n e i n l e a d s t r e s s e d leaves can be seen 
t o develop d u r i n g t h e Bollihope/Stanhope experiment 
( F i g . 3.1.), t h e G i l e s g a t e / U n i v e r s i t y r e s u l t s do not 
show any c l e a r p a t t e r n s ( F i g 3.2.) . At no times were 
t h e r e any s i g n i f i c a n t d i f f e r e n c e s between p r o l i n e 
l e v e l s i n s t r e s s e d and c o n t r o l p l a n t s . For t h e most 
p a r t p r o l i n e l e v e l s i n b o t h s e t s o f p l a n t s were very 
s i m i l a r . Even a t t h e t e r m i n a t i o n o f t h e experiment when 
a l l p l a n t s were sampled, no s i g n i f i c a n t d i f f e r e n c e s 
c o u l d be found i n e i t h e r r o o t or l e a f t i s s u e s . I n t h e 
cases o f t h e G i l e s g a t e c o n t r o l p l a n t s and t h e 
U n i v e r s i t y c o n t r o l p l a n t s , l e a f p r o l i n e and r o o t 
p r o l i n e l e v e l s r e s p e c t i v e l y were found t o be a l i t t l e 
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h i g h e r (though n o t s i g n i f i c a n t l y so) t h a n those found 
i n t h e c o r r e s p o n d i n g l e a d - s t r e s s e d p l a n t s . 
There are s e v e r a l p o s s i b l e e x p l a n a t i o n s f o r these 
i n c o n s i s t e n t r e s u l t s . The e f f e c t s o f t h e aphid 
i n f e s t a t i o n had l e d t o t h e l o s s o f 9 o f t h e U n i v e r s i t y 
p l a n t s and a r e d u c t i o n t h e r e f o r e o f t h e sample s i z e . By 
t h e end o f t h e experiment, a l l p l a n t s i n t h e growth 
room were i n f e s t e d , and t h e aphids may have had an 
i n d i r e c t e f f e c t by r e d u c i n g t h e sample s i z e , or a 
d i r e c t e f f e c t by c a u s i n g s t r e s s t o t h e p l a n t s , t h e r e b y 
i n c r e a s i n g p r o l i n e l e v e l s . The use o f an i n s e c t i c i d e t o 
c o n t r o l a p h i d numbers was r u l e d out because i t would 
have i n t r o d u c e d another v a r i a b l e i n t o t h e experiment. A 
f i n a l c o n s i d e r a t i o n must be t h a t t h e time p e r i o d 
d e v o t e d t o t h e G i l e s g a t e / U n i v e r s i t y experiment was o n l y 
h a l f t h a t g i v e n t o t h e Bol l i h o p e / S t a n h o p e experiment. 
Had t h e two experiments run f o r a s i m i l a r l e n g t h o f 
t i m e i t may have been t h e case t h a t t h e y would have 
shown s i m i l a r t r e n d s i n p r o l i n e a c c u m u l a t i o n . However, 
even i f t i m e had a l l o w e d f o r a c o n t i n u a t i o n i n t h e 
G i l e s g a t e / U n i v e r s i t y experiment, t h e a p h i d i n f e s t a t i o n 
would p r o b a b l y have k i l l e d a l l o f t h e U n i v e r s i t y p l a n t s 
w i t h i n a week-or-so. 
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F u r t h e r evidence t h a t l e a d - s t r e s s does have an 
e f f e c t on p r o l i n e a c c u m u l a t i o n i s p r o v i d e d by t h e f a c t 
t h a t b o t h t h e Stanhope and B o l l i h o p e p l a n t s showed an 
i n c r e a s e i n l e a f p r o l i n e a c c u m u l a t i o n 9 days a f t e r t h e 
f i r s t a p p l i c a t i o n o f l e a d n i t r a t e s o l u t i o n . The 
G i l e s g a t e and U n i v e r s i t y p l a n t s a l s o showed an i n c r e a s e 
i n p r o l i n e l e v e l s 2 days a f t e r t h e f i r s t w a t e r i n g w i t h 
l e a d n i t r a t e , though not as marked as i n t h e B o l l i h o p e 
p l a n t s . T h i s d i f f e r e n c e i n p r o l i n e accumulation 
response may be due i n - p a r t t o t h e d i f f e r e n c e s i n 
a l t i t u d e o f t h e two s e t s o f s i t e s , a l t h o u g h t h e more 
marked response i n t h e B o l l i h o p e p l a n t s may be p a r t o f 
t h e a d a p t a t i o n t o t h e h i g h e r l e v e l s o f l e a d found i n 
t h e B o l l i h o p e s i t e . 
W hile t h e r e i s some evidence, t h e r e f o r e t h a t l e a d -
s t r e s s induces a s i g n i f i c a n t p r o l i n e accumulation 
response, no evidence c o u l d be found t o suggest t h a t 
t h e r e were any d i f f e r e n c e s between t h e l e v e l s o f 
p r o l i n e a c c u m u l a t i o n i n p l a n t s from p o l l u t e d and 
u n p o l l u t e d s i t e s . At no t i m e d u r i n g t h e course o f the 
B o l l i h o p e / S t a n h o p e experiment were p r o l i n e l e v e l s i n 
e i t h e r t h e l e a f or r o o t t i s s u e found t o be 
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s i g n i f i c a n t l y d i f f e r e n t . A f t e r i n i t i a l l y h i g h e r l e a f 
p r o l i n e l e v e l s i n t h e leaves o f p l a n t s from t h e 
u n p o l l u t e d U n i v e r s i t y s i t e , no f u r t h e r s i g n i f i c a n t 
d i f f e r e n c e s were found i n t h e G i l e s g a t e / U n i v e r s i t y 
e x p e r i m e n t . 
The l a c k o f a s i g n i f i c a n t d i f f e r e n c e between t h e 
p r o l i n e a c c u m u l a t i o n responses o f p l a n t s from b o t h 
l e a d p o l l u t e d and u n p o l l u t e d s i t e s may have been due, 
t o some degree, t o t h e r e l a t i v e l y low l e a d n i t r a t e 
c o n c e n t r a t i o n used t o induce s t r e s s i n t h i s study. The 
l e a d n i t r a t e c o n c e n t r a t i o n o f 400 |J.g ml"-'- r e p r e s e n t s a 
much lower f i g u r e f o r a c t u a l l e a d l e v e l s because o n l y a 
f r a c t i o n o f t h e l e a d n i t r a t e i s l e a d . Even i f an a c t u a l 
l e a d c o n c e n t r a t i o n o f 400 ^g ml~^ had been used i n the 
e x p e r i m e n t a l t r e a t m e n t s , t h i s would s t i l l have been an 
o r d e r o f magnitude lower t h a t t h e c o n c e n t r a t i o n s 
measured a t B o l l i h o p e and G i l e s g a t e . Given t h a t t h e 
c o n c e n t r a t i o n o f l e a d i n t h e l e a d n i t r a t e was much 
lower t h a n t hose o f t h e two p o l l u t e d s i t e s , i t i s not 
unreasonable t o have re c o r d e d a low p r o l i n e 
a c c u m u l a t i o n i n t h e t i s s u e s o f these p l a n t s i n 
comparison w i t h t h e Stanhope and U n i v e r s i t y p l a n t s 
r e s p e c t i v e l y . As p r o l i n e may be used by l e a d - t o l e r a n t 
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p l a n t s t o m i t i g a t e t h e e f f e c t s o f s t r e s s (Ferago e t 
a l . , 1980), t h e r e l a t i v e l y low c o n c e n t r a t i o n o f l e a d 
used i n t h i s experiment p r o b a b l y r e q u i r e d o n l y minimal 
p r o l i n e a c c u m u l a t i o n by t h e B o l l i h o p e and G i l e s g a t e 
p l a n t s as a m e t a b o l i c response t o s t r e s s . 
F u rthermore, t h e Stanhope s i t e had s o i l l e a d l e v e l s 
measured a t 228 fig ( a l t h o u g h n o t a l l o f t h i s l e a d 
i s d i r e c t l y a v a i l a b l e t o p l a n t s ) . This i s l i k e l y t o be 
o f a s i m i l a r c o n c e n t r a t i o n t o t h e a c t u a l c o n c e n t r a t i o n 
o f l e a d f o und i n t h e l e a d n i t r a t e s o l u t i o n . I t i s 
l i k e l y t h a t t h e Stanhope p l a n t s are t o l e r a n t o f the 
l e a d c o n c e n t r a t i o n used i n t h e e x p e r i m e n t a l t r e a t m e n t 
and, might t h e r e f o r e accumulate p r o l i n e t o t h e same 
degree as t h e B o l l i h o p e p l a n t s . The combina t i o n o f a 
m i n i m a l l e v e l o f s t r e s s f o r t h e B o l l i h o p e p l a n t s and a 
'normal' l e v e l o f s t r e s s f o r t h e Stanhope p l a n t s may 
have been l a r g e l y r e s p o n s i b l e f o r t h e ve r y s i m i l a r 
l e v e l s o f p r o l i n e f o und i n t h e i r r e s p e c t i v e t i s s u e s 
t h r o u g h o u t t h e experiment. 
While t h e e x p e r i m e n t a l l e a d c o n c e n t r a t i o n was lower 
t h a t t h e c o n c e n t r a t i o n s e x p e r i e n c e d by t h e p l a n t s from 
G i l e s g a t e , i t was much g r e a t e r t h a n t h a t measured i n 
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t h e U n i v e r s i t y s i t e . Again however, t h e r e was no 
evidence f o r g r e a t e r p r o l i n e a c c u m u l a t i o n i n t h e 
t i s s u e s o f p l a n t s from t h e p o l l u t e d s i t e . I n - f a c t t h e r e 
was s i g n i f i c a n t l y more p r o l i n e i n t h e leaves o f 
U n i v e r s i t y p l a n t s a t t h e b e g i n n i n g o f t h e experiment. 
T h i s may have been an e a r l y response t o t h e e f f e c t s o f 
t h e a p h i d i n f e s t a t i o n . A f u r t h e r p o s s i b i l i t y i s t h a t 
t h e l e a v e s o f t h e U n i v e r s i t y p l a n t s were o l d e r than t h e 
lea v e s o f t h e G i l e s g a t e p l a n t s , and so had a l r e a d y 
accumulated a g r e a t e r amount o f p r o l i n e . The G i l e s g a t e 
s i t e i s r e g u l a r l y mowed, t h e r e b y f a v o u r i n g t h e growth 
o f new l e a f m a t e r i a l , w h i l e t h e p l a n t s from t h e 
U n i v e r s i t y s i t e have p r o b a b l y never been s u b j e c t t o 
c u t t i n g and so o l d e r l e a f m a t e r i a l i s a l l o w e d t o grow. 
A l t h o u g h t h e i d e a t h a t l e a f age may have an e f f e c t on 
p r o l i n e l e v e l s i s c o n t r a r y t o t h e f i n d i n g s o f Hardie 
(1989) and t h e r e s u l t s o f t h e p r o l i n e e s t i m a t i o n s f o r 
d i f f e r e n t p a r t s (and t h e r e f o r e ages) o f leaves made i n 
t h i s s t u d y , t h e p o s s i b i l i t y cannot be d i s c o u n t e d o u t -
of-hand. 
There i s one f i n a l c o n s i d e r a t i o n which may have had 
a minor b e a r i n g on t h e r e s u l t s o f t h e l a b o r a t o r y 
e x p e r i m e n t s . Ferago e t al. (1980) suggested t h a t 
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p r o l i n e i s produced by copper t o l e r a n t Ar;??eria maritima 
i n d i v i d u a l s as a f a c e t o f t h e copper t o l e r a n c e 
mechanism. P r o l i n e a c c u m u l a t i o n may be t h e r e f o r e 
c o n s i d e r e d t o be an i n t e g r a l and v i t a l p a r t o f a s t r e s s 
t o l e r a n t i n d i v i d u a l ' s a d a p t a t i o n t o t h e p a r t i c u l a r 
s t r e s s i t e n c o u n t e r s . I n 'normal' p l a n t s p r o l i n e 
a c c u m u l a t i o n may i n d i c a t e an i n i t i a l p r o t e c t i v e e f f e c t , 
b u t d e l e t e r i o u s e f f e c t s a t h i g h e r c o n c e n t r a t i o n s 
( L e v i t t , 1980; S a l i s b u r y and Ross, 1985); p l a n t s t h a t 
are i n t o l e r a n t o f s t r e s s may accumulate p r o l i n e because 
o f a d e c l i n e i n p r o t e i n s y n t h e s i s and as a consequence 
o f p r o t e o l y s i s as i n j u r y t o t h e p l a n t occurs. 
T h e r e f o r e t h e r e are two p o s s i b l e 'sources' of 
p r o l i n e , one due t o t h e t o l e r a n c e mechanisms of p l a n t s 
t h a t have e v o l v e d t o cope w i t h e n v i r o n m e n t a l s t r e s s , 
and t h e o t h e r as a r e s u l t o f i n j u r y t o i n t o l e r a n t 
p l a n t s . I n t h e case o f t h e experiments c a r r i e d out i n 
t h i s i n v e s t i g a t i o n , t h e l e v e l s o f p r o l i n e produced by 
p l a n t s f r o m B o l l i h o p e and G i l e s g a t e as p a r t o f t h e i r 
l e a d t o l e r a n c e mechanisms may have been 
i n d i s t i n g u i s h a b l e from t h e l e v e l s o f p r o l i n e produced 
by t h e n o n - t o l e r a n t Stanhope and U n i v e r s i t y p l a n t s as a 
consequence o f t h e i n j u r i o u s e f f e c t s t h a t t h e l e a d 
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n i t r a t e s o l u t i o n was h a v i n g upon t h e i r b i o c h e m i s t r y . I f 
t h i s i s indeed t h e case i t i s t h e n p l a u s i b l e t h a t no 
s i g n i f i c a n t d i f f e r e n c e s would be found i n p r o l i n e 
l e v e l s i n t h e t i s s u e s o f t o l e r a n t and i n t o l e r a n t p l a n t s 
a t t h e c o n c e n t r a t i o n o f l e a d n i t r a t e g i v e n t o t h e 
s t r e s s e d p l a n t s . Higher c o n c e n t r a t i o n s o f l e a d , 
a p p r o a c h i n g those l e v e l s found i n t h e two p o l l u t e d 
s i t e s , may induce a d i f f e r e n t response, l e a d i n g t o more 
obvious and s i g n i f i c a n t d i f f e r e n c e s between t h e two 
s e t s o f p l a n t s . 
T h i s f i n a l c o n s i d e r a t i o n would p r o b a b l y have been 
more s i g n i f i c a n t i f t h e p l a n t s from p o l l u t e d and 
u n p o l l u t e d s i t e s e x p e r i e n c e d more s i m i l a r 
c o n c e n t r a t i o n s o f s o i l l e a d ; i . e . o f t h e same order o f 
magnitude. I n t h e case o f t h i s i n v e s t i g a t i o n t h e very 
l a r g e d i f f e r e n c e s i n r e s p e c t i v e l e a d s o i l 
c o n c e n t r a t i o n s and t h e r e l a t i v e l y low c o n c e n t r a t i o n o f 
l e a d used t o induce s t r e s s i n t h e experiments, p r o b a b l y 
had more s i g n i f i c a n c e , e s p e c i a l l y i n the 
B o l l i h o p e / S t a n h o p e experiment. The e f f e c t s o f t h e aphid 
i n f e s t a t i o n and p o s s i b l e d i f f e r e n c e s i n s i t e management 
are t h o u g h t t o have been t h e major f a c t o r s d e t e r m i n i n g 
t h e r e s u l t s i n t h e G i l e s g a t e / U n i v e r s i t y experiment. 
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Transects 
The r e s u l t s o f t h e p r o l i n e assessments made along 
r o a d s i d e t r a n s e c t s d u r i n g t h e summer o f 1990 f a i l e d t o 
demonstrate any s i g n i f i c a n t change i n l e a f p r o l i n e 
l e v e l s i n P.lanceolata w i t h d i s t a n c e from t h e road, 
even though a l e a d g r a d i e n t i s known t o e x i s t i n t h e 
G i l e s g a t e s i t e a t l e a s t . Before c o n c l u d i n g t h a t t h e r e 
i s no r e l a t i o n s h i p between d i s t a n c e from t h e road and 
p r o l i n e a c c u m u l a t i o n i n P.lanceolata as a r e s u l t o f 
l e a d d e p o s i t i o n , i t i s w e l l w o r t h c o n s i d e r i n g o t h e r 
p o s s i b i l i t i e s . 
The summer o f 1990, e s p e c i a l l y a t t h e t i m e t h a t t h e 
t r a n s e c t s were done, was a v e r y h o t , d r y p e r i o d and i t 
f o l l o w e d a r e l a t i v e l y m i l d , d r y w i n t e r . I t i s known 
t h a t d r ought s t r e s s causes p r o l i n e a ccumulation i n a 
number o f p l a n t species ( L e v i t t , 1980), i n c l u d i n g 
P.lanceolata (Hardie, 1989). I t i s t h e r e f o r e p o s s i b l e 
t h a t t h e d r y c o n d i t i o n s o f t h e 1990 summer caused l e a f 
p r o l i n e l e v e l s i n P.lanceolata a l o n g r o a d s i d e verges t o 
become e l e v a t e d , i r r e s p e c t i v e o f t h e i n d i v i d u a l p l a n t s 
p o s i t i o n a l o n g t h e verge (unless a t o p o g r a p h i c f e a t u r e 
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a l l o w e d water t o accumulate) . The e f f e c t s o f t h i s 
w a t e r - s t r e s s p r o l i n e response may have been g r e a t 
enough t o c o m p l e t e l y mask any p r o l i n e accumulation 
response t h a t exhaust e m i t t e d l e a d would produce along 
a d e p o s i t i o n a l g r a d i e n t . 
W i t h t h i s p o s s i b i l i t y i n mind, i t may be more 
p r o d u c t i v e t o sample r o a d s i d e v e g e t a t i o n d u r i n g w e t t e r 
months o f t h e year. C o n s i d e r a t i o n must be made t o a l l o w 
f o r t h e use o f d e - i c i n g s a l t i n w i n t e r however. Many 
s t u d i e s (Davison, 1971; S c o t t and Davison, 1982; 
Thompson and R u t t e r , 1986; Thompson e t al., 1986) have 
n o t e d t h e e f f e c t s t h a t d e - i c i n g s a l t has on roadside 
v e g e t a t i o n . Davison (1971) d e s c r i b e s how t h e s a l i n i t y 
o f s o i l and v e g e t a t i o n decreases r a p i d l y w i t h d i s t a n c e 
from roads. The r e s u l t i s a s a l i n i t y g r a d i e n t which may 
cause s a l t s t r e s s , t h e r e b y p o s s i b l y i n d u c i n g p r o l i n e 
a c c u m u l a t i o n (Stewart and Lee, 1974; Stewart and 
L a r h e r , 1980) . A p r o l i n e g r a d i e n t away from a road, 
r e s u l t i n g from s a l t s t r e s s would be i n d i s t i n g u i s h a b l e 
from a l e a d - s t r e s s g r a d i e n t . A f u r t h e r c o m p l i c a t i o n i s 
t h a t s a l t g r a d i e n t s are l i k e l y t o remain i n roadside 
s o i l and v e g e t a t i o n f o r s e v e r a l months, e s p e c i a l l y i f 
r a i n f a l l i s s l i g h t and l e a c h i n g o f t h e s a l t i s 
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m i n i m i z e d (Davison, 1971). The c o m b i n a t i o n o f t h e s a l t 
and d r o u g h t c o n s t r a i n t s means t h a t l a t e autumn i s 
p r o b a b l y t h e b e s t t i m e t o f i n d a l e a d / l e a f p r o l i n e 
g r a d i e n t i n r o a d s i d e p o p u l a t i o n s o f Plantago 
lanceolata, i f one e x i s t s . 
A second p o s s i b l e e x p l a n a t i o n f o r t h e t r a n s e c t 
r e s u l t s i s t h a t t h e l e a d g r a d i e n t s i n t h e s i t e s s t u d i e d 
were e i t h e r o f t o o l a r g e or t o o f i n e a s c a l e t o be 
p i c k e d up over a 12m t r a n s e c t . Muskett and Jones (1980) 
measured l e a d l e v e l s i n r o a d s i d e s o i l s i n West London 
and r e p o r t e d on average, an o r d e r o f magnitude decrease 
i n l e a d c o n c e n t r a t i o n s from 0.5m t o 10m away from the 
r o a d ; i n one case a two o r d e r o f magnitude d i f f e r e n c e 
was r e p o r t e d over t h e same d i s t a n c e . These f i n d i n g s 
suggest t h a t a s i g n i f i c a n t l e a d g r a d i e n t does e x i s t 
w i t h i n 12m o f busy roads and t h i s view i s f u r t h e r 
u n d e r s c o r e d by t h e work o f Chow (1971) and Muskett 
(1981) . However, Muskett (1981) r e p o r t s t h a t t h e r e i s a 
more pronounced l e a d g r a d i e n t over t h e f i r s t 3m away 
from a road t h a n from 3m t o 10m away, a l t h o u g h a minor 
g r a d i e n t does e x i s t . This was found t o be t h e s i t u a t i o n 
i n t h e G i l e s g a t e s i t e , w i t h t h e r e s u l t s o f t h e l e a d 
t i t r a t i o n s d e m o n s t r a t i n g a g r e a t e r d e c l i n e i n l e a d 
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l e v e l s o v e r 0m-3m t h a n i n t h e f o l l o w i n g 9m. I t may be 
e x p e c t e d t h e r e f o r e , t h a t a marked d e c r e a s e i n p r o l i n e 
i n P.lanceolata l e a v e s s h o u l d be a s s o c i a t e d w i t h 
i n c r e a s i n g d i s t a n c e away from t h e ro a d over t h e f i r s t 
3m i n t h e G i l e s g a t e s i t e . 
I n - f a c t , when t h e p r o l i n e v a l u e s i n t h e t r a n s e c t s 
f o r t h e f i r s t 3m o n l y a r e s u b j e c t e d t o c o r r e l a t i o n 
a n a l y s i s t h e r e s u l t s a r e v e r y v a r i a b l e . C o r r e l a t i o n 
c o e f f i c i e n t s range from + 0.68 f o r t h e 5 t h G i l e s g a t e 
t r a n s e c t t o - 0.66 f o r t h e 4 t h G i l e s g a t e t r a n s e c t w i t h 
a l l o t h e r ' r ' v a l u e s l y i n g somewhere in-between. 
A l t h o u g h t h e s e c o r r e l a t i o n c o e f f i c i e n t s a g a i n p r o v i d e 
no e v i d e n c e f o r a p r o l i n e g r a d i e n t , i t must be 
remembered t h a t i n t h i s s t u d y a maximum of 6 samples 
o n l y were t a k e n over 0-3m, and v e r y o f t e n no p l a n t s 
c o u l d be found i n t h i s a r e a . A f i n e r s c a l e r e s o l u t i o n , 
f o r i n s t a n c e s a m p l i n g Plantago l e a v e s e v e r y 20cm 
i n s t e a d o f e v e r y 50cm i n t h e f i r s t 3m o f a t r a n s e c t may 
produce c l e a r e r r e s u l t s . 
The r e s u l t s o b t a i n e d from t h e e x p e r i m e n t a l 
t r e a t m e n t s do i n d i c a t e t h a t l e a d - s t r e s s c a u s e s p r o l i n e 
a c c u m u l a t i o n , and so i t i s t h e r e f o r e t o be e x p e c t e d 
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t h a t Plantago lanceolata p l a n t s growing near t o t h e 
roa d would accumulate more p r o l i n e i n t h e i r t i s s u e s 
t h a n p l a n t s g r owing f u r t h e r away. T h e r e f o r e , g i v e n t h a t 
t h e r e i s evidence f o r l e a d - s t r e s s induced p r o l i n e 
a c c u m u l a t i o n , and a l e a d g r a d i e n t i n t h e G i l e s g a t e 
s i t e , t h e f a c t t h a t a p r o l i n e g r a d i e n t i s not found 
a l o n g t h e t r a n s e c t s i n t h i s study i s p r o b a b l y due t o 
c l i m a t i c and/or sampling f a c t o r s . F u r t h e r r e s e a r c h on 
r o a d s i d e p o p u l a t i o n s o f P.lanceolata, t a k i n g i n t o 
account t h e r e s e r v a t i o n s o u t l i n e d above may c l a r i f y t h e 
s i t u a t i o n . 
Further Experiments 
The u n c e r t a i n t y which surrounds some aspects o f the 
o f t h e r e s u l t s i n t h i s study may be reduced by 
m o d i f i c a t i o n s t o e x p e r i m e n t a l procedures and sampling 
methods. I t has a l r e a d y been suggested t h a t t h e 
c o n c e n t r a t i o n s o f l e a d n i t r a t e used i n t h e e x p e r i m e n t a l 
t r e a t m e n t s may not have been g r e a t enough t o have 
produced s i g n i f i c a n t d i f f e r e n c e s i n p r o l i n e 
a c c u m u l a t i o n i n t h e t i s s u e s o f p l a n t s c o l l e c t e d from 
p o l l u t e d and u n p o l l u t e d s i t e s . Given t h a t t h e B o l l i h o p e 
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p l a n t s come from a s i t e where l e a d c o n c e n t r a t i o n s are 
over 3000 ^ig g"-^, and t h a t t h e Stanhope p l a n t s 
e x p e r i e n c e l e v e l s o f l e a d near t h a t o f t h e e x p e r i m e n t a l 
l e a d c o n c e n t r a t i o n , a l e a d n i t r a t e c o n c e n t r a t i o n o f 
over 1000 fig ml"-'- i s l i k e l y t o r e q u i r e d i n - o r d e r t o 
a c c u r a t e l y t e s t t h e p r o l i n e responses o f p l a n t s from 
v a r i o u s s i t e s and c o n d i t i o n s . A lower c o n c e n t r a t i o n o f 
about 800 |ig ml"-'- may be adequate i n t h e case of the 
G i l e s g a t e / U n i v e r s i t y experiment. 
A major problem t h r o u g h o u t t h e l a b o r a t o r y 
e x p e r i m e n t s was t h e l a c k o f p l a n t m a t e r i a l . I t i s 
d i f f i c u l t and u n d e s i r a b l e t o c o l l e c t l a r g e amounts of 
p l a n t s from t h e f i e l d , and even when r e l a t i v e l y l a r g e 
numbers are c o l l e c t e d , not a l l o f these w i l l s u r v i v e 
b e i n g t r a n s p l a n t e d . One p o s s i b l e s o l u t i o n i s t o c o l l e c t 
seed from study s i t e s , and t o use them as t h e b a s i s f o r 
e x p e r i m e n t a l p o p u l a t i o n s . A l t h o u g h not a l l seeds would 
g e r m i n a t e and e s t a b l i s h , i t i s more th a n l i k e l y t h a t 
l a r g e r numbers o f p l a n t s would be a v a i l a b l e f o r study 
and t h a t t h e problems o f d i f f e r e n c e s i n ages of p l a n t s 
and management regimes i n t h e s i t e s would be 
e l i m i n a t e d . A c e r t a i n p r o p o r t i o n o f s e e d l i n g s would not 
i n h e r i t t h e i r p a r e n t s t o l e r a n c e or s u s c e p t i b i l i t y t o 
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l e a d p o l l u t i o n , b u t i n most cases t h e response t o l e a d 
s t r e s s w i l l be t h e same. 
I n c r e a s i n g t h e number o f l e a f samples over t h e Om-
3m p a r t o f t h e t r a n s e c t so t h a t more a t t e n t i o n i s p a i d 
t o t h e s t e e p e s t p a r t o f t h e l e a d g r a d i e n t , has a l r e a d y 
been c o n s i d e r e d , a l o n g w i t h m o d i f i c a t i o n s t o sampling 
t e c h n i q u e s . I t i s p o s s i b l e t h a t o t h e r t o x i c components 
o f a u t o m o b i l e exhaust fumes a l s o have an e f f e c t on 
p r o l i n e l e v e l s i n r o a d s i d e v e g e t a t i o n . Cadmium, z i n c 
n i t r o u s o x i d e s and o t h e r p o l l u t a n t s may be d e p o s i t e d 
a l o n g d i f f e r e n t g r a d i e n t s t o l e a d and t h e r e b y produce 
masking p r o l i n e g r a d i e n t s . I t i s d e s i r a b l e , t h e r e f o r e 
t o account f o r t h e d e p o s i t i o n o f o t h e r exhaust 
components and t o assess t h e i r e f f e c t s on p r o l i n e 
a c c u m u l a t i o n i n P.lanceolata, i n - o r d e r t o focus more 
c l e a r l y on any e f f e c t s o f l e a d g r a d i e n t s . The 
measurement o f exhaust p o l l u t a n t s i n t h e s o i l and t h e i r 
e f f e c t s on a s i n g l e species would be a d i f f i c u l t and 
time-consuming study, e s p e c i a l l y i f s y n e r g i s t i c 
r e a c t i o n s o c c u r r e d between t h e components o f exhaust 
gases. 
At t h e t i m e t h e t r a n s e c t s were made, t h e 
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t r a n s p l a n t a t i o n o f P. lanceolata i n d i v i d u a l s c o l l e c t e d 
f rom t h e B o l l i h o p e and Stanhope s i t e s a long a t r a n s e c t 
a t t h e G i l e s g a t e s i t e was c o n s i d e r e d . I n i t i a l p r o l i n e 
v a l u e s were t o be measured, and subsequent changes 
m o n i t o r e d f o r a p e r i o d o f s e v e r a l months. However, i n 
view o f t h e d r y summer and t h e l i k e l i h o o d t h a t t h e 
dr o u g h t c o n d i t i o n s , i f not ca u s i n g t h e p l a n t s t o d i e 
would induce h i g h p r o l i n e a c c u m u l a t i o n , no t r a n s p l a n t s 
were made. This approach however, c o u l d a l l o w t h e 
assessment o f d i f f e r e n c e s i n p r o l i n e accumulation i n 
p l a n t s from p o l l u t e d and u n p o l l u t e d s i t e s and p r o v i d e 
some i n d i c a t i o n o f a p r o l i n e g r a d i e n t r e l a t e d t o l e a d 
d e p o s i t i o n . S i m i l a r a t t e n t i o n t o t h e e f f e c t s o f 
c l i m a t i c c o n d i t i o n s and t h e use o f d e - i c i n g s a l t , as i n 
t h e c o l l e c t i o n o f samples a l o n g t r a n s e c t s should be 
made i f t h i s approach i s t o be c o n s i d e r e d . 
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CONCLUSIONS 
(1) Evidence was found t o suggest t h a t t h e w a t e r i n g 
o f P.lanceolata w i t h a l e a d n i t r a t e s o l u t i o n does cause 
s i g n i f i c a n t p r o l i n e a c c u m u l a t i o n i n b o t h leaves and 
r o o t s . Not a l l r e s u l t s , e s p e c i a l l y from t h e 
G i l e s g a t e / U n i v e r s i t y experiment are i n agreement w i t h 
t h i s c o n c l u s i o n . However, t h e e f f e c t s o f aphid 
i n f e s t a t i o n and t h e subsequent r e d u c t i o n o f p l a n t s 
numbers, d i f f e r e n c e s i n s i t e management and t h e 
r e s p e c t i v e l e n g t h s o f t h e two l a b o r a t o r y experiments 
are t h o u g h t t o be p a r t l y r e s p o n s i b l e f o r t h i s 
i n c o n s i s t e n c y . 
(2) No evidence c o u l d be found t o support t he 
t h e o r y t h a t t h e r e i s a d i f f e r e n c e i n t h e p r o l i n e 
a c c u m u l a t i o n i n p l a n t s from l e a d p o l l u t e d and 
u n p o l l u t e d s i t e s when these p l a n t s were l e a d - s t r e s s e d . 
While t h e r e may be no d i f f e r e n c e between t o l e r a n t and 
n o n - t o l e r a n t p l a n t s i n any s i t u a t i o n , f u r t h e r work, 
u s i n g h i g h e r c o n c e n t r a t i o n s o f l e a d n i t r a t e s o l u t i o n s 
and g r e a t e r amounts o f p l a n t s m a t e r i a l may p r o v i d e some 
s u p p o r t i n g evidence. 
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(3) The measurement o f p r o l i n e l e v e l s i n 
P.lanceolata a l o n g t r a n s e c t s on r o a d s i d e verges f a i l e d 
t o show any r e l a t i o n s h i p w i t h d i s t a n c e from t h e road. 
S o i l l e a d a n a l y s i s had showed t h a t a l e a d g r a d i e n t 
e x i s t e d a t t h e s i t e o f 5 o f t h e t r a n s e c t s . The 
h y p o t h e s i s t h a t p r o l i n e l e v e l s i n t h e leaves o f 
P . l a n c e o i a t a would f o l l o w t h e d e c l i n e i n l e a d l e v e l s 
away from a road was t h e r e f o r e , u n s u b s t a n t i a t e d . The 
a c c u m u l a t i o n o f p r o l i n e i n P.lanceolata leaves due t o 
dr o u g h t c o n d i t i o n s and sampling o f p l a n t s on t o o l a r g e 
a s c a l e are l i k e l y t o have been major reasons f o r the 
f a i l u r e t o f i n d evidence t o support t h e p r o l i n e 
g r a d i e n t h y p o t h e s i s . 
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